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ABSTRACT
The global transportation industry is the second highest contributor to climate
change. As a result, there has been a concerted effort to spearhead research in economical
lightweighting technologies, as every 10 % reduction in weight will lead to to 6 – 8 %
improvement in fuel efficiency. Additionally, the recent push for electrification and the
emphasis on Corporate Average Fuel Economy (CAFE) standards have seen original
equipment manufacturers (OEM’s) dive into lightweighting of materials to improve overall
range and/or fuel-efficiency. Thermoplastic Olefins (TPOs) have in recent years carved out
a niche in the automotive industry due to advantages such as increased impact resistance,
lower production costs, short production times, and improving fuel efficiency on account
of lower densities. TPO’s have been successfully used in interior and exterior automotive
applications such as bumper fascia’s, trims, cladding, and wire insulation. Logically, the
adoption of TPO foams either via conventional chemical agents or new physical blowing
agents would be largely beneficial to the automotive sector given the need to drive down
weight and increase efficiency.
However, conventional TPO foams have not seen widespread adoption in the
automotive industry. Generally, TPO foams can be manufactured via two different
approaches, viz., using either chemical or physical foaming agents in existing
manufacturing processes like injection molding. TPO foams produced via chemical
foaming agents are the current standard due to their low upfront costs and good molded-in
color appearance but come with challenges in the form of unpredictable foaming in
different cross-sections, decreased thermal stability and residual foaming agent migration
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induced by weather changes leading to pitting in class A painted surfaces. Alternatively,
physically foamed TPO’s are yet to be adopted by a majority of the industry primarily due
to higher upfront costs, splay marks on the surface that would fail the molded in color
appearance requirements of almost all OEM, and the lower solubility of supercritical N2 in
TPO’s making it challenging to foam. Lastly the lack of a holistic modeling pathway that
couples manufacturing, microstructure, and mechanical responses pose a major
impediment as they cannot be incorporated into current automotive product development
cycles.
This study begins with developing a structure-property relationship for Super
Critical Fluid (ScF) assisted IM TPO foams using a conventional IM tool to understand the
current limitation of the process and tooling. Subsequently, a manufacturing-to-response
pathway is developed to help simulate the process-structure-property relationship via the
use of rheological, bubble growth, and FEA models via a mean filed homogenization
approach. Furthermore, this work investigates the development of a proprietary tooling
concept that can control pressure drop and cooling, both vital parameters in controlling cell
nucleation and structure. Lastly, as a proof of concept, this work delves into the design and
prototyping of an interior garnish part that serves as a demonstration of an industry-scaled
TPO foamed product.
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CHAPTER ONE
1. INTRODUCTION

Why Lightweighting: An Automotive Perspective
From the dawn of civilization lighter and stronger materials have almost always
ensured economic or military success. The fundamental driver for such lightweighting
materials stems from three important factors: i) performance, ii) cost, and iii) environment.
While either of these factors can be targeted for the development of lighter materials, an
ideal candidate fulfills all three factors and thus would lead to the greatest impact to
industry and society at large.
The transportation industry (aerospace and automotive) is at the forefront of
industrial lightweighting research, which stems from two major reasons: economics and
regulations. From an economic perspective, a lighter and stronger structure translates to
better efficiency in terms of lower energy utilization and mass decompounding. From the
perspective of regulators, these industries are one of the largest contributors to global
greenhouse gas emissions according to the latest 6th IPCC report [1]. In the US alone, the
transportation sector contributed to 37.5 % of GHG emissions in 2019 [2].
In response, governments and regulators around the world have enacted legislation
such as the CAFE standards and European standards, which mandate the automotive
industry to achieve higher fuel economy standards, for e.g. 54. 5 miles/ gallon by 2025 [3].
This in turn spurred automakers to investigate a wide range of technologies such as engine
downsizing, improving aerodynamics, design optimization, material lightweighting,

1

hybridization, and electrification, to improve efficiency and minimize this footprint [4].
However, material lightweighting remains one of the least expensive means to improve
efficiency due to the systemic effects it has from mass decompounding [4].
The industry has witnessed a remarkable shift in the deployment of new lightweight
materials over the past few decades with an increasing emphasis on composites [5,6] and
polymer foams [7,8]. More specifically there has been an increasing adoption of polymers
in automobiles that went from being a mere 20 lbs in 1960 to 257 lbs in 2010 [9]. Among
the different plastics used, thermoplastic olefins (TPOs) have in recent years carved out a
niche in the automotive industry due to advantages such as increased impact resistance,
lower production costs, short production times, and improved fuel efficiency on account of
lower densities [10,11]. A TPO is primarily a physical blend of isotactic polypropylene
(iPP) and elastomers such as ethylene-propylene co- or ter-polymers [12]. This typically
results in a co-continuous structure with the continuous hard phase delivering strength and
the soft phase imparting flexibility (Figure 1.1).

Figure 1.1 Morphology of TPO (PP + EPDM Blends) [12].
Additionally, several ingredients can be incorporated in TPO compositions such as
fillers, plasticizers, lubricants, antioxidants, heat stabilizers, UV absorbers, colorants, and
flame retardants to tweak processing, thermal and mechanical properties along with cost.
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As a result, a wide variety of TPO’s have been successfully used in interior and exterior
automotive applications such as bumper fascia’s, trims, cladding, and wire insulation [11].
Logically the adoption of TPO foams either via the conventional chemical and new
physical blowing agents would be largely beneficial to the Automotive sector given the
need to drive down weight and increase efficiency [13]. However, this has not been the
case with no widespread adoption of TPO foams within the industry due to challenges with
respect to its foaming process.
Thermoplastic Foams: A Background
The demand for lightweight materials historically spurred the demand for
thermoplastic polymer foams, which currently account for 10 % of the annual consumption
of all plastics [14]. This can be largely attributed to their superior thermal and insulation
properties when compared to their solid counterparts as well as the versatility of being able
to manufacture them at various densities.
Thermoplastic polymer foams are essentially a two-phase system consisting of a
continuous solid polymer phase and dispersion of the gaseous phase. Research into
polymer foams over the last 100 years can generally be characterized as focusing on
blowing agents (chemical and physical), equipment (pressure vessels or injection molding),
and processing methodologies (batch or continuous). Historically, the first polymer foam
ever made was a rubber sponge, which was developed in 1914 using chemical blowing
agents, viz., sodium carbonate with latex rubber [15]. The next major milestone was the
extrusion of foamed polystyrene invented simultaneously by Swedish engineers Munters
and Tandberg as well as the Dow Chemical Company in the 1930s and 1940s respectively
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[16]. From this point to the 1970s, most thermoplastic foams that were produced had cell
diameters greater than 100 µm (macrocellular) which led to low mechanical performance
[14]. The 1980s saw the advent of supercritical batch foaming, invented by Nam P Suh at
MIT, which was able to achieve cell diameters below 100 µm resulting in better tensile and
impact properties over conventional macrocellular foams [17,18]. This period also saw the
development of many of the well-established foaming principles, research with different
foaming agents, and implementation of this technology in different processing routes
which are discussed in the sections below.
Foaming Principles
Polymer foams in general are formed when a distinct thermodynamic new daughter
phase (bubbles) grows (Figure 1.2) or nucleate irreversibly within a metastable parent
phase (polymer melt). The transformation occurs due to the difference in free energies
between the two systems. The most frequently used theory to describe this is the classical
nucleation theory (CNT) and its postulates include [19]:
•

The nucleus or void is a spherical droplet with a district boundary.

•

All nuclei have the same physical properties as the bulk.

•

Pressure drop is of paramount importance whereas pressure drop rates are not
accounted for.

•

The primary assumption is that instantaneous pressure drop rate is followed by
instantaneous nucleation.

•

The bubble interface is also considered an infinite planar surface.
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Figure 1.2 a) Bubble nucleation and growth as a function of free energy [20].
The physics of the foaming process as eluded to in CNT begins with how cells or
nuclei are created. The foaming process stems from the phase separation of a single
gas/polymer mixture to a two-phase system. Subsequently any uncontrolled growth of the
cell from this point on leads to cell coalescence and large cell diameters which are
undesirable from a property standpoint. The main challenge facing the foaming community
at large is engineering foams with smaller cell diameters and the large number of nuclei
that need to be formed without them coalescing. The creation and stabilization or arresting
of cell growth is vital in engineering foams with smaller cell diameters and is
fundamentally tied to the mechanisms of nuclei or cell growth.
Two major mechanisms can occur during the formation of nuclei or cells: a)
spinodal decomposition, and b) nucleation and growth. Spinodal decomposition occurs for
certain concentrations of gas and gas/polymer systems where the dissolved gas undergoes
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spontaneous phase separation without the appearance of cells or nuclei. This usually takes
place at high supersaturations at which this mixture is unstable. Gas molecules immediately
start to form clusters that grow and coalesce resulting in an interconnected or co-continuous
structure [21]. Nucleation and growth are however believed to be the major mechanism
controlling the formation of cellular structure. This process consists of the appearance of
small clusters or nuclei after a sudden change in thermodynamic conditions. As more gas
diffuses from the gas/polymer melt to the nuclei it grows and the final pore or cell is
obtained. When compared to spinodal decomposition nucleation implies an energy barrier
that needs to be overcome to create a nucleus.
Apart from this, the viscosity of the polymer plays an important role during the
growth stage. The viscosity of the polymer at the processing temperatures should be low
enough to allow the expansion at the initial stages of the foaming, but, on the other hand,
it should be high enough to avoid coalescence mechanisms to take place [22]. Other
requirements include: 1) reasonable solubility of the blowing agent, 2) high enough melt
strength, and 3) the availability of setting or solidification mechanisms (crystallization or
vitrification) in the vicinity of the processing window.
Foaming Agents
Foaming agents are broadly categorized into chemical and physical foaming agents.
In chemical foaming processes, solid chemical foaming agents, often in the form of a
masterbatch, are mixed into the resin before additional processing. Masterbatches are made
of a combination of a chemical foaming agent (up to 70% of total mass) and a carrier
polymer [23]. At processing temperatures, the foaming agent decomposes to generate
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fluids such as N2, or CO2, [24]. These fluids dissolve and get homogenized throughout the
polymer melt due to the mixing action of equipment used in the process. Following the
decomposition of the solid foaming agents, the residues act as nucleation points for
foaming, enabling the formation of a fine cell structure [23]. This decomposition reaction
may be endothermic or exothermic – a critical factor to consider in evaluating the
effectiveness of a given foaming agent.
Unlike chemical foaming, physical foaming does not involve the chemical
decomposition of the foaming agent. Instead, a fluid (compressed gas, volatile liquid, or
supercritical fluid) is injected directly into the polymer melt and homogenized throughout
the melt using distributive and dispersive mixing [23]. Upon this dispersion, melt viscosity
is lowered significantly to levels lower than those achievable in chemical foaming.
Increased temperatures or drop in pressure causes the fluid state to change, evolving a gas
that results in the formation of cells. A critical aspect of physical foaming is the selection
of a foaming agent, as the latter has a significant effect on cellular structure obtained due
to differences in solubility of different foaming agents in different polymer matrices.
Historically, chlorofluorocarbons (CFCs) have been used as physical foaming agents, but
are being phased out in favor of N2 and CO2 to avoid their associated environmental
impacts and satisfy the norms set out in the Montreal Protocol [24,25]. Lower density parts
are generally created using physical foaming instead of chemical foaming primarily due to
the significant quantity of residuals released upon the use of a large quantity of chemical
foaming agents [24]. This work is purely focused on physical foaming using supercritical
nitrogen.
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Foam Classification
While thermoplastic foams can be classified along with several different criteria in
general, an extremely powerful predictor of their mechanical properties is based on their
microstructure, in particular their average cell diameter (d), cell density, and cell wall
thickness [14,26]. There are three distinct classifications of thermoplastic foams based on
cell size, cell density, and cell wall thickness are shown in Table 1.1.
Table 1.1 Classification of thermoplastic foams
Attribute

Macrocellular Microcellular Nanocellular

Cell
diameter
(µm)

> 100

100 > d > 1

d< 1

Cell
density
(cells/cm3)

106

109

1015

Cell wall
thickness
(nm)

NA

~ 1500

45

Cell diameter, density, and wall thickness are interlinked with cell wall thickness
decreasing with decreased cell diameter and increasing cell density. The Gibson and
Ashley equations as well as several experimental studies [27] show expected cell wall
thickness of both open and closed cell materials below: The reduction in cell wall thickness
is extremely important as it essentially leads to the confinement of polymer chains within
these walls leading to a noticeable reduction in mobility of polymer chains. This reduction
in mobility is responsible for an increase in Tg and has also been noted by several
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researchers: 11°C increase in Tg of PMMA by Ruiz et al [28], and 5 °C increase in Tg of
PEI [29].
Additionally, Pinto et al. [30] were able to study this confinement phenomenon with
Raman spectroscopy and observed differences in relative vibrational modes with
Nanocellular PS showing a hindrance in certain vibrations modes proving the confinement
of polymer chains. By extension, it is expected that other nanocellular foams will
outperform their microcellular counterparts as corroborated by the above-mentioned
studies.
Increase in mechanical properties
Kumar et al [29] observed that nanocellular PEI always presented a higher impact
resistance than microcellular PEI and solid PEI at the same density reduction (Figure 1.3).
Similarly, Notario et al [31] found that nanocellular PMMA exhibited a 25 % increased
impact resistance when compared to microcellular and solid PMMA samples at a relative
density reduction of 0.5 (Figure 1.3). Additionally, Notario et al. [31] also observed an
increase in Young’s modulus and shore hardness. The transition from microcellular to
nanocellular cell sizes significantly alters the microstructure leading to a dramatic change
in the ratio between the distance of a real path and the shortest distance between two points
(tortuosity).
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Figure 1.3 Mechanical behavior of PMMA [31] and PEI [29] at high strain rates [32] b)
Young’s modulus, impact resistance, and hardness behavior of PMMA [31].
Increased thermal insulation performance
In general, foams having high porosities show great potential for thermal insulation
behavior due to the insulation capacity of the gaseous phase being much lower than the
polymer matrix. The reduction of cell size to the nanometer regime/scale confines the
gaseous phase into the nano sized cells leading to an increase in thermal insulation, known
popularly as the Knudsen effect [33] (Figure 1.4).

Figure 1.4 Predicted relationship between thermal conductivity and pore size (Knudsen
effect) overlayed with experimental results from Notario et al. [31].
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These phenomena underscore the importance of cell microstructure and its impact
on mechanical and thermal performance. More importantly, the foaming routes adopted
to obtain these microstructures need to be understood from a process physics and
scalability standpoint.
Foaming Routes
As mentioned earlier, supercritical batch foaming was the first process
developed at MIT by Dr. Nam P Suh to engineer polymer foams having [17,18] cell
diameters of 100 µm or lower. As the name implies this technique is a batch process
typically conducted in an autoclave and is typically conducted in a single step or dual step
process (Figure 1.5).

Figure 1.5 Overview of batch foaming process [20].
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In the single-step process commonly known as the pressure-induced method,
the polymer is saturated at a high temperature with a blowing agent and after a certain time,
rapid depressurization of the system occurs which initiates cell nucleation and growth. In
the dual step method commonly known as the temperature-induced method the first step
of gas saturation is conducted at a lower temperature. The second step is the removal of
the supersaturated sample out of the autoclave and immersing it in a hot oil bath to induce
cell nucleation and growth and then cooled.
Foam injection molding revolves around modifications to the conventional
injection molding unit with a gas pressurization system and the incorporation of mixing
elements in the screw. The pressurized gas is generally introduced in the center of the
barrel and the reciprocating screw ensures gas-loaded polymer melt gets accumulated at
the end of the nozzle (Figure 1.6).

Figure 1.6 Overview of melt foaming process [20].
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The mixing elements embedded in the screw ideally help ensure a homogeneous
mixture of polymer melt and supercritical gas. This gas-loaded melt is injected via the
nozzle into the mold cavity that is typically at atmospheric pressure. This pressure drop is
typically responsible for cell nucleation, growth, expansion, and stabilization. Foam
injection molding is a continuous, scalable process that has been deployed in some
industries.
Having laid the foundation of my motivation in lightweighting, the role of
polymers (in specific thermoplastic olefins), and the lack of research and adoption of TPO
foams, my research strives to address four critical research gaps that could help in the
adoption of these foams.
Research Gap 1: Process Structure Property Performance (PSPP)
Traditionally, new material development takes years to experimentally gather the
required data required to understand the interdependence of processing, structure, property,
and performance [34]. This is time-consuming and expensive, primarily due to the sheer
number of experimental inputs (e.g. tensile, flexural, impact, appearance). This lengthytime period and intense experimentation could be one of the reasons why conventional
TPO foams have not seen widespread adoption in the automotive industry.
In literature, these TPO foams have been manufactured via two different
approaches using chemical or physical foaming agents in existing manufacturing processes
like injection molding (Table 1.2). TPO foams produced via chemical foaming agents are
the current standard due to their low upfront costs and good molded-in color appearance
but come with challenges in the form of unpredictable foaming in different cross-sections,
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decreased thermal stability, and residual foaming agent migration induced by weather
changes leading to pitting in class A painted surfaces [35,36]. One of the earliest papers in
this area was by Guo et al. [37] that investigated the effects of chemical foaming agent
concentration, injection parameters, and melt rheology on the occurrence of surface
defects. Subsequently, Santoni et al. [38] fabricated a blend of TPO and maleic anhydridemodified PP to produce a 20 % weight reduction through the use of an azodicarbonamide
foaming agent and wherein the addition of PP-g MA improved the good surface quality.
Lastly, Peyda et al. [39] used microwave radiation and azodicarbonamide (ADC) as CFA
in a PP/EPDM system with PP-g-MA to achieve uniform void size and distribution with
no data on surface appearance.
Table 1.2 Summary of related experimental work.
Work

Guo et al.

Foaming

Cell

Tensile

Flexural

Impact

Appearance

Ref

Agent

Structure

CBA - ADC

✓

✓







[37]

CBA - ADC

✓

✓







[38]

CBA - ADC

✓

✓







[39]

SCF (N2)

✓

✓







[40]

[2007]
Santoni et
al. [2007]
Peyda et
al. [2016]
Wong et
al. [2008]
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Kim et al.

SCF (N2)

✓

✓







[2010]

Alternatively, TPO foams can also be manufactured via physical foaming agents,
such as supercritical N2 or CO2 which are far more sustainable and produce consistent and
small micron-sized voids, are yet to be adopted by a majority of the industry primarily due
to higher upfront costs (that payback relatively soon [42]), splay marks on the surface that
would fail the molded-in color appearance requirements of almost all OEM. An important
challenge of foaming TPO’s via supercritical gases particularly N2 is the lower solubility
of supercritical N2 in PP and the uneven distribution of the ethylene-propylene-copolymer
phase in PP [43]. The earliest research in this area was by Wong et al. [40] who studied the
effect of different processing parameters on mechanical properties of TPO foams.
Consequently, Kim et al [41] studied the effect of different talc contents by using N2 as the
blowing agent [39]. Lastly, Kim et al. [44] followed this up by investigating the effect of
elastomer dispersion on TPO foamability by preparing different blend morphologies
controlled by the viscosity ratio between the blending components.
None of these studies listed above measured crucial properties such as flexural,
impact, and accelerated aging performance of TPO foams. Therefore, the first research gap
is that there exists a dearth of traditional process-structure-property-performance (PSPP)
experimental data on TPO foams.
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[41]

Research Gap 2: Manufacturing to Response Pathway
From a simulation pathway perspective, work has individually progressed on
predicting foam microstructure that couples rheological and nucleation models and
separately on mechanical models that use experimental microstructural input to predict
mechanical performance. The coupling of these two key areas (predicting microstructure
and mechanical models) has been overlooked in the scientific literature which specifically
refers to the mapping of the foam microstructure to and FEA mesh to predict the
mechanical response of these foams (Figure 1.7).
The earliest research in predicting the microstructure of TPO foams was by Wong
et al. [40] who studied the effect of different processing parameters on mechanical
properties of TPO foams and proposed constitutive models to help predict the structureproperty relationship. Consequently, Kim et al [41] studied the effect of different talc
contents by using N2 as the blowing agent and using a batch foaming simulation system
which typically does not account for the flow field and thus falls short of accurate
prediction of microstructure [39]. Lastly, Kim et al. [44] followed this up by investigating
the effect of elastomer dispersion on TPO foamability by preparing different blend
morphologies controlled by the viscosity ratio between the blending components.
Additionally, the simulation approach applied here was again constitutive models like the
Ashley Gibson Model [27].
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Table 1.3 Summary of related simulation work.
Work

Process

Modeling Approach

Ref

Guo et al. [2007]

IM

None

[37]

Santoni et al. [2007]

IM

None

[38]

Peyda et al. [2016]

IM

None

[39]

Wong et al. [2008]

IM

Ashley Gibson

[40]

Kim et al. [2010]

Batch

None

[41]

Kim et al. [2011]

Batch + IM

Batch foaming model

[44]

+ Ashley Gibson

Lastly, Xi et al [45] used a modified cross model to describe the rheological
properties of generic PP and nucleation models in Moldex 3D to predict foam morphology
but did not couple this with any FEA models.
Similarly in the area of modeling or predicting the mechanical performance of the
foams a lot of work has been carried out using direct and constitutive modeling approaches
for foams and has been reviewed and summarized by Hössinger-Kalteis et al[46].
However, all these approaches as detailed by Hössinger-Kalteis et al. only use experimental
inputs of foam microstructure in their models to predict mechanical properties.
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Figure 1.7 Overview of current simulation pathways.
Therefore, the second research gap is that there is no coupling established between
a manufacturing-based model that predicts microstructure and mechanical models that take
these inputs to predict mechanical properties.
Research Gap 3: Development of Unique Tooling Concept
Among the different foam processing techniques - batch foaming was
developed in the 1980’s and as a result, has a wealth of literature on a variety of polymer
foams. As a result, several studies were able to engineer polymer foams with cell diameters
ranging from 100 nm to 1000 nm and cell densities from 1011 to 1015. Figure 1.8 shows a
plot of average cell sizes versus volume expansion ratio over the last decade with a
literature survey of the most promising studies [22,47–55]. Some key attributes responsible
for the generation of these unique foams are high-pressure drop rates, saturation times from
18 to 72 h, low saturation temperatures, and the use of high foaming agent-phillic materials.
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While batch foaming is responsible for producing the next generation of foams with lower
cell sizes and higher cell densities it is important to point out a few points that prevent its
industrial adoption:
a) Solid polymer remains in saturation for 18 to 72 h (cycle time is too large)
b) The quantity of foam material produced is batch scale is less due to the use of an
autoclave
c) The scalability of batch processes is extremely challenging.

Figure 1.8 Plot of mean cell size versus volume expansion of foams produced via batch
process [22,47–55].
In contrast melt state foaming in a process such as foam injection molding is a
scalable single-step process that has seen some industrial acceptance due to extremely short
cycle times. However, its process physics differs from that of solid-state foaming as the
polymer is in a molten state not in a solid-state and the second is there is limited control
over pressure, and temperature drops are extremely limited. Figure 1.9 shows a plot of
average cell sizes versus volume expansion ratio over the last decade with a literature
survey of the most promising studies about super critical fluid-assisted foam injection
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molding [56–67]. While some of these studies employ pressure drop mechanisms similar
to Wong et al. [59] it remains to date the only study that was able to engineer PP foams
with a cell diameter of around 650 nm.

Figure 1.9 Plot of mean cell size versus volume expansion of foams produced via foam
injection molding [56–67].

Most importantly none of these tooling concepts employ a rapid cooling process. This is
important as a new pressure-temperature control path (Figure 1.10) can result in greater
control of nucleation and bubble growth as outlined by Chen et al [68].
Therefore, the third research gap is identifying what are the key process variables
and/or sequences/steps (∆P & ∆T) for melt foaming that enable us to achieve a lower cell
size and density.
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Figure 1.10 Concept of foaming control via P, T, and P–T path.[68]
Research Gap 4: Nonexistence of industry scaled TPO foamed product
Lastly, there is a lack of TPO foamed parts prevalent in the industry. This in many ways
can be tied to the lack of process structure property performance relationships for TPO
foams and the lack of a database that benchmarks the thermal and mechanical performance
of existing TPO parts. This is important if TPO foams are to be adopted at an industrial
scale. Therefore the fourth and final research gap focuses on the nonexistence of industryscaled TPO foamed products.
Organization of Dissertation
In line with research gaps highlighted in Figure 1.11, the dissertation is organized as
follows:
1. Chapter 2 goes into detail about how I experimentally established a processstructure-property-performance (PSPP) of TPO foams (Task 1).
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2. Chapter 3 focuses on creating a manufacturing to response pathway which is
developed to help simulate the process-structure-property relationship via the use
of rheological, bubble growth, and FEA models via a mean filed homogenization
approach (Task 2).
3. Chapter 4 centers around the development of a proprietary tooling concept that can
control pressure drop and cooling, both vital parameters in controlling cell
nucleation and structure (Task 3).
4. Design and prototyping of an interior garnish part that serves as a demonstrator for
industry scaled TPO foamed product (Task 4)

Figure 1.11 Research gaps and their corresponding tasks.
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CHAPTER TWO
2. ESTABLISHING A PROCESS-STRUCTURE-PROPERTY-PERFORMANCE
(PSPP) OF TPO FOAMS
Three studies were conducted to optimize the process parameters for obtaining
optimal cell size and density, which finally culminated with the establishment of a processstructure-property-performance relationship. The initial three studies included were part of
a conference paper [69] and have been detailed in Figure 2.1 below:

Figure 2.1 Overview of DOE.
(i) Study 1: To observe the effect of lightweighting on foam morphology via
reduced material usage and to study material foaming behavior (Table 2.1)
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Table 2.1 Injection molding process variables for Study 1.
Initial Parameter

Unit

F1

F2

F3

F4

Melt temperatures

°C

Injection pressure

bar

105

105

105

105

Injection speed

mm/s

123

123

123

123

Cooling time

s

120

120

120

120

Screw rotation speed

rpm

187

187

187

187

Gas Flow Rate

kg/h

0.07

0.07

0.07

0.07

Gas Dosage Time

s

1

1

1

1

Shot Weight

g

10.6

10.2

9.9

9.3

Wt % ScF

wt %

0.184

0.195

0.192

0.209

Lightweighting

%

3

8

10

17

200|210|200|190|180

(ii) Study 2: To observe effects of low gas dosage, processing temperature in order
to improve foam morphology (Table 2.2)
Table 2.2 Injection molding process variables for Study 2.
Initial Parameter

Unit

LD 200

LD 220

LD 240

Melt temperatures

°C

200 200

220 220

240 240

190 180

210 210

230 220

170

180

180

Injection pressure

bar

105

105

105

Injection speed

mm/s

123

123

123

24

Cooling time

s

100

100

100

Screw rotation speed

rpm

5

5

5

Gas Flow Rate

Kg/h

187

187

187

Gas Dosage Time

s

24

24

24

Shot Weight

g

0.07

0.07

0.07

Wt % ScF

Wt %

10

10

10

Lightweighting

%

25.03

25.03

25.03

(iii) Study 3: To observe effects of high gas dosage, processing temperature, and
injection parameters in order to improve foam morphology (Table 2.3).
Table 2.3 Injection molding process variables for Study 3.
Initial Parameter

Melt temperature

Unit

°C

HD-

HD-

HD-

HD-

HD-

200

220

240

240_1

240_2

200

200

240

200

200

240

190

190

230

180

180

220

180

180

180

Injection speed

mm/s

123

123

123

123

61

Injection pressure

bar

105

105

105

105

105

Cooling time

s

30

30

30

70

70

Screw rotation
speed

rpm

187

187

187

187

187

25

Gas Flow Rate

Kg/h

0.14

0.14

0.14

0.14

0.14

Gas Dosage Time

cm3

10.5

10.5

10.5

10.5

10.5

Shot Weight

Wt %

0.39

0.39

0.39

0.39

0.39

Wt % ScF

%

10

10

10

10

10

Lightweighting

Kg/h

0.14

0.14

0.14

0.14

0.14

2.1 Experimental Methods
The Polypropylene (PP) blended TPO were graciously supplied by our OEM
partner and had a relative density of 1 g/cm3. N2 purchased from Airgas was procured and
used as received. Pellets were dried at 80°C for eight hours. An Engel Victory 30 injection
molding machine equipped and integrated with microcellular injection molding capability
(MuCell® Trexel Inc) was used to fabricate conventional and foamed tensile specimens.
The wt % of the gas or gas dosage was calculated using Equations (2-1).
𝑆𝑐𝐹 𝑁2 𝑤𝑡 % =

Gas Flow Rate ∗ Gas Dosage Time ∗ 27.8
𝑆ℎ𝑜𝑡 𝑊𝑒𝑖𝑔ℎ𝑡

(2-1)

Cell size and density were characterized via a Hitachi S-4800 scanning electron
microscopy (SEM). Tensile coupons were cryogenically fractured at the gauge length.
Samples were then sputter-coated on the cross-section of the specimen using a Hummer
6.2 sputtering system for three mins. Images of cells were captured using a 5 kV
accelerating voltage at different magnifications. Cell size was analyzed using an image
analysis tool (Image J) and cell density was calculated using Equation 2-2, where N is the
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number of cells, L is the linear length of the area, and M is a unit conversion, resulting in
cell density being expressed as the number of cells per cubic centimeter. To avoid skewing
of data, a few abnormally large voids that were observed in some specimens were excluded
from the calculation of average cell size and cell density.
3

𝑛 2
𝑁=( )
𝐴

(2-2)

Tensile properties for all samples in the three studies were carried out on an Instron
Universal Test Machine having a 10 kN load cell in accordance with ASTM D638 at a
crosshead speed of 5 mm/min.
A differential scanning calorimeter (TA Instruments, Q2000, New Castle, DE,
USA) was used to study the crystallization behavior of all solid and foamed samples.
About 3 - 5 mg of sample was taken in hermetically sealed aluminum pans. Samples were
subjected to heating/cooling/heating cycles at 5 °C/min, beginning with heating from
−100 to 200 °C (to remove any thermal history from processing).
𝑋𝑐 (% 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦) =

Δ𝐻𝑚 − ∆𝐻𝑐𝑐
100
×
Δ𝐻 0
𝑊

(2-3)

Three-point flexural tests were performed on a universal testing machine (Instron,
5892, Norwood, MA, USA) having a 10 kN load cell to study flexural strength and
modulus. A crosshead speed of 12.8 mm/min was used with a support span of 48 mm. At
least three samples were tested after they were punched out of injection molded plaques
using a die in accordance with ASTM D790.
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Instrumented impact tests were carried out on a drop tower impact tester (Instron,
9450, Norwood, MA, USA) to study force vs time response. An impact velocity and height
of 1.98 m/s and 202 mm were used. At least three samples were tested in accordance with
ASTM D 3763.
Accelerated aging or weathering tests were carryout out on a weathering meter (SUGA,
SWOM, Tokyo, Japan) on molded-in color and painted plaque. A confidential Honda
standard was used to carry out these tests and was based on internal know-how and
anticipated vehicle environment. A BYK spectrophotometer was used to measure gloss
retention and ∆E on molded in color and painted samples before and after the test.
Surface roughness tests were carried out on an optical surface profiler (Zygo,
NewView 7200, Berwyn, PA, USA) on molded in color specimens. A scan size of 0.71
mm x 0.53 mm was scanned and arithmetical mean height (Ra), maximum profile valley
depth (Pv), 2D image, and 3D model of the surface were generated.
2.2 Results and Discussion
Study 1 as outlined in Table 2.1 was the first attempt at foaming, where the shot
weight was changed while keeping all other parameters constant. This was done to obtain
specimens at different density reduction (lightweighting) percentages. The foam
morphology of these samples (shown in Figure 2.2) was studied using SEM and revealed
very large cell diameters and poorly dispersed cells through the width of the specimen. The
samples also exhibited a large section of un-foamed regions which are characteristic of
poor ScF dissolution and commonly found in materials containing high elastomer content.
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Figure 2.2 SEM images of F1, F2, F3, F4, and F5 showing large voids and low cell density.
Analysis of the SEM images (Figure 2.2) revealed an average cell size of around
207 µm with a standard deviation of ~50 µm. Additionally, cell densities for these
specimens ranged from 104 and 105 cells/mm2 which is below densities typically seen in
microcellular foams. The consequence of such a cellular morphology is seen in the lower
mechanical performance shown in Figure 2.3. Tensile strength decreased by ~ 17% for the
3% density reduction (F1) and ~35 % for the ~ 20 % density reduction (F5). Young’s
modulus had a far sharper decrease, at ~50% for F1 (3% density reduction) and ~68 % for
F5 (20% density reduction). This suggests that the Young’s modulus of the foams is
extremely sensitive to the larger poorly dispersed cell morphology.
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Figure 2.3 (a) Graphical representation of cell size & density in samples F1 – F5. (b)
Graphical representation of Tensile strength & Youngs Modulus in samples F1-F5.
Study 2 as outlined in Table 2.2 was conducted to observe the effects of an
increased lower gas dosage and processing temperatures on cellular morphology keeping
all other parameters constant. The melt temperature was varied from 200 to 240 °C, ScF
wt % was lowered to 0.195, and shot weight was maintained at 10% density reduction for
all compositions.
The foam morphology obtained as a result of these changes in processing
conditions (shown in Figure 2.4) helped in gaining useful insights into the structure-process
properties. LD-200 samples exhibited lower cell diameters when compared to study 1. The
cell diameter decreased from ~210 µm to ~55 µm in study 2. However, LD-200 also
exhibited the presence of air-pockets across different samples. LD-220 and LD-240 did
show reduced cell diameters when compared to study 1, their cell densities decreed
substantially. While the cell morphology did improve in comparison to study 1, these foams
could not be classified as true microcellular foams [20]. Additionally, the presence of
blowholes rendered them unfit from a scalability standpoint. Analysis of the SEM results
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(Figure 2.5) revealed that the cell diameter decreased from 10 µm to ~ 55 µm: a 73%
reduction for the LD-200 sample and ~ 33 % and 28 % for LD-220 and LD-240
respectively.

Figure 2.4 SEM images of LD-200, LD-220, and LD-240 showing large voids and low cell
density.
The change in cell densities was however far more dramatic: for LD-200 cell
densities improved by order of magnitude from 2 ×104 to 4 × 105 cells / mm2. The SEM
images captured at higher magnifications also indicated that phase separation might have
occurred due to the higher elastomeric content of the TPO. Additionally, the presence of
pinholes was noted at higher magnifications.
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Figure 2.5 (a) Graphical representation of cell size and density in samples F1 – F5. (b)
Graphical representation of Tensile strength and Youngs Modulus in samples LD-200.
The result of such cell morphology in the study had a direct bearing on its
mechanical response. The LD-200 sample while showing reduced cell size and cell
densities showed a ~50 % reduction in Young's modulus. In comparison, the modulus
decreased only ~21 % and ~27% for LD-220 and LD-240 respectively. This is indicative
of the presence of non-homogeneous air pockets that had a direct impact on the modulus
of a specimen. Tensile strength for these samples decreased from ~16 % for LD-200 to
~23% and ~15% for LD-220 and LD-240 samples respectively. As a result of these
observations, Study 3 as outlined in Table 2.3 was conducted to observe the effects of
higher ScF wt %, processing temperature, and injection parameters on the cellular
morphology. Melt temperatures were varied from 200 – 240 °C for samples HD-200 to
HD-240. Injection speed was reduced by 50 % for HD-240_2. Cooling time was varied
from 30 to 70 seconds. Shot weight was maintained at 10% density reduction for all
compositions. The ScF wt % was increased in order to improve cell densities and cooling
times were increased in order to provide sufficient time for the skin layer to solidify and
prevent tearing. The cellular morphology obtained as a result of these changes is
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documented in Figure 2.6 and enabled us to understand the impact of the varying process
parameters. SEM images from different samples were captured and tabulated at different
magnification to help gain a different perspective. HD-240_2 showed the best
improvement in morphology; it exhibited the lowest cell diameters and higher cell
densities without the presence of any air pockets. This was in stark contrast to other
samples which exhibited larger cell diameters and lower cell densities that were
comparable to the results from study 1 and study 2.

Figure 2.6 SEM images of HD-200, HD-220, HD-240. HD- 240_1 and HD-240_2.
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Analysis of the SEM images (Figure 2.6) revealed that cell diameters varied from
223 to 55 µm showing remarkably lower cell diameters. While the average cell diameter
of the HD-204_2 was similar to the LD-200 the cells were more uniform (standard
deviation was lesser) and there were no pinholes present. Additionally, cell densities for
HD-200 to HD-240_1 remained around 4 x 105 cells/mm2. However, HD-240_2 exhibited
the highest cell density of all samples studied at 1.4 x 106 cells/mm2 making it the only
sample to achieve a traditional microcellular cell morphology.

Figure 2.7 Graphical representation of cell size and density in samples F1 – F5. (b)
Graphical representation of Tensile strength and Youngs Modulus in samples HD200- HD240_2.
This radically improved cell morphology had an extremely positive effect on
mechanical properties as shown in Figure 2.7. Youngs modulus decreased by ~15 %
when compared to conventional solid samples which were higher than all other samples
tested. Similarly, tensile strength decreased by only 5 % making it the best condition
regarding overall property reduction when compared to all other specimens.
This indicated that increasing melt temperatures, reducing injection speed, and
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increasing cooling times were instrumental in obtaining a uniform, and repeatable cell
structure for our PP blended TPO system. Xi et al. observed a similar behavior where
decreasing injection speed improved the cellular morphology of his super critically
foamed PP-GF composites [70]. Similarly, Li et al. observed that the solubility of
supercritical N2 in an elastomeric copolymer improved with higher temperatures [43].
2.3 Final Process-Structure-Property-Performance Studies
The finalized list of process conditions for the TPO foams to obtain PSPP in this
study is shown in Table 2.4.
Table 2.4 Injection molding parameters used for final PSPP study.
Parameter

Back pressure

Solid

FIM

FIM

FIM

FIM

Molding

5 % wt

10 % wt

15 % wt

20 % wt

reduction

reduction

reduction

reduction

150

150

150

150

60

60

120

(MPa)
Melt

240 | 240 | 230 | 220 | 180

temperatures
(°C)
Injection speed

23.1

60

60

(cm3/s)
Holding pressure

150

NA

(bar)

35

Holding time (s)

10

NA

Cooling time (s)
ScF N2 dosage

60
NA

0.36

0.38

0.40

0.43

(wt %)

Microstructural characterization of the TPO foams that were lightweighted by 5,
10, 15 and 20 wt% were carried out using SEM and Figure 2.8 shows how cell size and
density vary as a function of weight reduction. The average cell size consistently increased
as a function of higher ScF N2 wt % and higher lightweighting with 15 and 20 % samples
exhibiting large and non-uniform cell distributions [71]. Cell densities improved from 5 to
10 % but subsequently decreased for 15 and 20 % lightweighting samples. This is a
common trend observed in weight reductions higher than 10 % (i.e lower shot volumes)
with higher dosages of ScF wt % that often lead to increased cell coalescences thereby
increasing cells diameter and lowering cell densities [72]. Additionally, from a theoretical
perspective, the trend that cell density increased first and then decreased is probably
associated with the cell nucleation-controlled and cell growth/coalesce-controlled process.
In the former step, the lower weight reduction (from 5% to 10%, achieved by lowering the
shot volume) gave more space for melt to expand, leading to a higher rate of depression
(∆𝑃) and accordingly lower energy barrier for nucleation (∆𝐺), smaller critical nuclei size
(𝑅𝑐) and eventually higher nuclei density [73]. However, when the weight reduction further
increased, bubbles expanded to their full potential with less mold cavity restriction
followed by the cell break and coalescence. Together with the decrease of the cell density
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during the expansion, the cell coalesces resulted in the decrease in cell density, as we
observed in Figure 2. 8.

Figure 2.8 SEM images and plots of cell size vs density vs weight reduction of samples
images after cryogenically cracking.
The thermal properties, in particular the crystallinity and dimension change of the
solid and foam, were characterized using DSC and TMA and are shown in Figure 2. 9 a
and b. When comparing crystallinity all the foamed samples exhibited higher %
crystallinity than solid samples. This increase could be due to the extensional flow of the
ScF N2 affecting the orientation of the polymer molecules around the cell walls leading to
strain-induced crystallization, such behavior was first reported by Ameli et al. [58]. The
change in dimension with respect to temperature specifically from -30 to 105 °C is
extremely important to qualify materials in the automotive industry. The dimension change
as a function of temperature was measured and compared to an aluminum reference.
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Among the TPO samples, the solid, 5 %, and 10 % weight reduction samples showed a
linear trend in dimension change with the solid sample showing the highest dimension
change when compared to the foamed TPO specimens. Interestingly a lower dimension
change over the temperature range 45 °C to 105 °C was reported by 10 % and 15 %
lightweighting samples in comparison to solid and 20 % foamed samples. The knowledge
that the CTE of foams is lower than their solid counterparts should help designers to assign
accurate tolerances and better integrate foamed parts in any assembly of their choice
thereby increasing their overall adoption by industry [74]. To the best of our knowledge,
dimension change of polymer foams in comparison to parent solid material over a
temperature range has not been reported in literature.

Figure 2.9 a) Differential Scanning Calorimetry curves (Second Heating) of solid and
foamed samples (Avg of 3 samples). b) TMA of solid and foamed samples.

The average stress-strain response and statistical analysis of Young’s modulus and
ultimate tensile strength of the solid and foamed TPO sample are shown in Figure 2.10 a
and b respectively. The modulus and ultimate tensile strength show a linear or stepwise
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decline that is statistically significant. Young’s modulus or stiffness reduced by 20 % for
5 % weight reduction samples and by 23 %, 34 %, and 35 % for 10 wt %, 15 wt %, and 20
wt % reductions respectively, which is generally attributed to the reduction in overall
material per unit volume of the foam [40]. Wong et al.[40] also observed a linear decline
in Young’s modulus and ultimate tensile strength as a function of weight reduction in TPO
foams using supercritical N2 as a foaming agent. Interestingly the ultimate tensile strength
only reduced by ~10 % for 5% weight reduction and 18 %, 23 % and 32 % for 10 wt %,
15 wt % and 20 wt % reductions, respectively. There could be two reasons for the relatively
smaller decline in strength when compared to modulus. One was proposed by Wong et al.
[40] and the other by Sun et al. [75]. The first proposed by Wong et al. [40] is that a foam
with a well-distributed cellular structure improves mechanical strength retention. The
second proposed by Sun et al. [75], is postulated specifically for microstructures consisting
of microcellular voids (voids in a PP matrix) and a sub-micron immiscible secondary phase
(like EPDM). Tensile loading of this specific microstructure leads to the cavitation of this
secondary phase facilitating an interconnection of microcellular voids for channels leading
to the stretched component forming fibrils. This change in structure transforms the fracture
mechanism from crack propagation across the polymer matrix into shear yielding of a
bundle of fibrils thereby improving toughness and strength retention.
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Figure 2.10 a) Plot of average tensile stress strain curves. b) Statistical analysis of ultimate
tensile strength and young’s modulus of solid and foamed samples.
The average flexural stress vs. strain response and statistical analysis of flexural
strength and modulus are shown in Figure 2.11 a and b. The flexural strength showed a
linear decline with an increase in weight reduction. Specifically, the flexural strength was
reduced by 7% for 5 wt % reduction and 13%, 21%, and 35% for 10 wt %, 15 wt %, and
20 wt % reductions compared to the solid specimen. The flexural modulus, on the other
hand, decreased linearly from 5 wt % to 15 wt % reduction and plateaued at 20 wt %
reduction. The flexural modulus reduced by 5% for the 5 % wt reduction and by 18%, 26%,
and 24% for the 10 wt %, 15 wt %, and 20 wt % reduction respectively when compared to
the solid specimen. No literature exists on the flexural response of TPO foams in particular,
but there exist at least a few experimental results on LDPE foams [76] and theoretical
models that highlight a similar decline in flexural modulus with decreasing density
reduction [77]. In particular, Mohyeddin et al. [77] noted two models that were of particular
interest: Lee and Westmann model [78] and Ogorkiewicz and Sayigh model [79].
Ogorkiewicz and Sayigh model:

40

[(1 − 𝜌𝑐 )(

2⁄ )
3

− (1 − 𝜌𝑐 )(

1⁄ )
3 ] (𝛼 3

(𝜌𝑐 𝛼 + 2)(𝛼 + 2)2 [1 − (1 − 𝜌𝑐 )(

− 𝐴) + 𝜌𝑐 𝛼 3 + 𝐴

1⁄ )
3

+ (1 − 𝜌𝑐 )(

2⁄ )
3 ]

(2-4)

Lee and Westmann model:
[3(1 + ʋ)(𝐴 − 2𝛼 3 )]𝜌𝑐 − (5 + 3ʋ)𝐴
3(𝜌𝑐 𝛼 + 2)(𝛼 + 2)2 [(1 + ʋ)(𝜌𝑐 − 5 − 3ʋ)]

(2-5)

where,
A = 2(3𝛼 2 + 6 𝛼 + 4)
𝜌𝑐 = Core-to-skin mass density ratio
ʋ = Poisson’s ratio of unfoamed polymer
𝛼 = Thickness ratio
More specifically these two models were compared with experimental flexural
results of LDPE foams fabricated by Yang el al. [76] with densities ranging from 0.791 to
0.859 g/cm3. The experimental results did show a statistical decline in flexural modulus
with decreasing density. The Lee and Westmann model [78] was able to accurately predict
flexural modulus for smaller densities (0.791 to 0.845 g/cm3) quite well and Ogorkiewicz
and Sayigh model [79] was found to be accurate for larger densities (>0.859 g/cm3). It is
important to note that different models are required to predict flexural modulus that are
dependent on the density of the final foamed sample.
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Figure 2.11 a) Plot of average flexural stress strain curves b) Statistical analysis of
flexural strength and modulus of solid and foamed samples.
The average force vs. time response and statistical analysis of the instrumented
impact tests on solid and foamed TPO samples are shown in Figure 2.12 a and b
respectively. The peak force and peak energy show a linear decline till 15 % weight
reduction and plateau at 15 and 20 % weight reduction with no statistical difference in
properties between 15 and 20 % wt reduction. Specifically, the peak force reduced by 15
% for 5 wt % reduction and 26 %, 42 %, and 44 % for 10 wt %. 15 wt % and 20 wt %
reduction respectively when compared to the solid specimen. Similarly, the peak energy
reduced by 21 % for 5 wt % reduction and 33 %, 55 %, and 55 % for 10 wt %. 15 wt %
and 20 wt % reduction respectively when compared to the solid specimen.
While no data for TPO foams undergoing dynamic impact or Gardner impact tests
exist in literature, Kumar et al [80] and Burea et al [81] did test Crystallizable Poly Ethylene
Terephthalate (CPET) and Polystrene (PS) foams at various relative densities. Kumar et al.
[80] observed a decline in impact energy as a function of density reduction at room
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temperature, -17.8 °C, -28.9 °C, and - 40 °C while noting that increased crystallinity at the
same density reductions exhibited better impact response. Burea et al. [81] also broadly
observed peak force and total load decrease with increasing density reduction, more
specifically for foams, for which they identified a key factor labeled microstructural
parameter (density/cell diameter). This proved to be a good predictor that accounted for
influence of cell size. One hypothesis for both trends is that smaller, well dispersed cells
can dissipate energy more effectively while larger cells behave as obstacles to crack
propagation through the matrix.

Figure 2.12 a) Plot of average instrumented impact response of solid and foamed samples
b) Peak force and peak energy response of solid and foamed specimens.
The delta E (∆E) results of molded in color solid and foamed TPO plaques after
accelerated aging tests are shown in Figure 2. 13a while the gloss retention of solid and
foamed TPO plaques that have been painted are shown in Figure 2. 13b. The color
accuracy (∆E) is a standard measurement that numerically quantifies the difference or
distance between two colors in color space, in our case the difference of the solid plaque
and the foamed plaques. Typically, a ∆E below 1 is imperceptible to the human eye, ∆E
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between 1 and 2 is perceptible through close observation and ∆E between 2 and 10 is
perceptible at a glance. In our study ∆E of the foamed TPO plaques with respect to solid
generally showed a ∆E of 9.9 and higher making it a very perceptible color difference with
∆E generally increasing with increasing weight reduction.
Although no literature specifically exists comparing the ∆E of solid and foamed
specimens, there have been several studies that have reported these white splay marks.
Most studies agree that the white splay marks are caused when bubbles forming at the
advancing melt front are first stretched by fountain flow behavior toward the mold surface
and later dragged against the mold wall [82]. Although there is a great body of research
that tries to solve the issue of splay marks, almost all of them use additional costly
equipment leading to difficulties in applying this technology in the industrial context like
the use of gas counter pressure [83] and mold heating [84]. A study by Lee et al. [71] is the
only research reported in literature that tries to improve the surface quality by controlling
the cell nucleation rate without using any additional equipment. This work focused on
identifying the degree of supersaturation (Eq 5) which represents a controllable factor that
can help in increasing or decreasing the activation energy for nucleation (∆𝐺 ∗∗ ).
∆𝐺

∗∗

=

16𝜋𝛾 3
𝑃
3 (𝑘𝑇𝜌1 𝑙𝑛 𝑃𝑟 )

(2-6)

∞

Where 𝛾 is the surface energy of the bubble interface, k is Boltzmann constant, 𝜌
is density, 𝑃∞ is Pressure of the saturated vapor, and 𝑃𝑟 - Pressure of the supersaturated
solution in the sample.
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𝑃

Lee et al. [71] postulated that by reducing the degree of supersaturation (𝑃 𝑟 ) the
∞

activation energy required for cell nucleation would increase. This in turn impedes cell
nucleation during the filling stage thus preventing the formation of bubbles on the melt
front of the polymer gas solution resulting in swirl-free IM parts. The authors identified
0.175 wt % ScF as the threshold to achieve this swirl-free finish at 8 wt % reduction level
for polypropylene (PP). For our TPO (~ 80 % PP) material system using a ScF wt % of
0.38 was crucial in obtaining the least cell diameter with minimal standard deviation (61
µm ± 10) to maximize mechanical property retention but conversely led to the prevalence
of white splay marks in MIC foamed specimens. A separate set of solid and foamed TPO
plaques were painted using OEM paint lines and proprietary paint composition and
subjected to OEM specified accelerated aging tests. In contrast, these painted plaques
showed a 100 % gloss retention for TPO foamed specimens upto a 15 wt % reduction.
There was 2.5% drop in gloss retention for the 20 wt % reduction. One possible explanation
for this reduction could be gleaned by comparing the surface roughness on the MIC plaques
(specifically the height between peak and valley, Py) and the thickness of the primer, base
coat (OEM spec). Based on internal surface roughness measurement using an optical
profilometer we know that the distance between the peak and valley, Py is ~ 26 µm. The
paint on these plaques consists of a primer and base coat which have a total height of 31
µm. Since the primer and base coat are the only components of the paint that have a
pigment.
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Figure 2.13 Visual comparison of molded in color and painted plaques that show changes
in color space and Gloss retention as a function of lightweighting using a
spectrophotometer.
Therefore, we can see how it would fail to cover up the surface roughness
specifically in the case of 20 wt % and not the other samples.
2.4 Summary
This task focused on experimentally optimizing process parameters to optimize cell
microstructure, static and dynamic mechanical properties. The following were the findings
of the study:
•

A systematic study of process variables' impact on foam microstructure with its
impact on mechanical and appearance properties was investigated.
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•

Key process variables like injection speed, melt temperature, and gas dosage were
identified and their relationship with microstructure and performance were
investigated.

•

An experimental process-structure-property-performance relationship for TPO
foams at different weight reductions was generated with respect to tensile, flexural,
instrumented impact, and appearance. This has been visualized as a spider chart in
Figure 2.14.

Figure 2.14 Process structure property performance for TPO foams.
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CHAPTER THREE
3. MANUFACTURING TO RESPONSE PATHWAY FOR TPO FOAMS
The mechanical, thermal, or rheological behavior of a material generally depends
on its microstructure which itself is often impacted by the manufacturing process. Being
able to link the mechanical behavior of a material to microstructure characteristics becomes
very valuable as it allows a seamless connection between the manufacturing process and
mechanical behavior of a given part. Most studies focus on the mechanical material model
alone, which has limited applications and reaches its full potential when tied to process
simulation outputs. As mentioned before there exist no studies in literature that couple
manufacturing-based models that predict microstructure to mechanical models that take
these inputs to predict mechanical properties. The general framework for the proposed
MTR pathway for foams is shown in Figure 3.1 and can be broken down into the following
steps:
1. Process data card generation for injection molding and mechanical analysis.
2. Injection molding simulation and experimental validation by comparing part weight
and density.
3. Foam injection molding simulation and obtaining correction factor for nucleation by
comparing it with one experimental result.
4. Mechanical Material Model and Porosity Mapping from Process Simulations
5. Evaluating the simulating tensile and flexural response with experimental trials.
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Figure 3.1 Manufacturing to response pathway for injection molded TPO foams.
A Computer Aided Engineering (CAE) based software Moldex 3D was used to
simulate the conventional and foam injection molding processes. Prior to the generation of
the process data card, a CAD model of the cavity plaque (Figure 3.2) was imported and
important injection molding attributes like gate type, gate dimensions, melt inlet, plaque
dimensions, mold base dimensions and cooling channels were created and meshed in
Moldex 3D.
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Figure 3.2 Meshed model of the plaque.
More specifically the entire model was meshed using solid boundary layer meshing
(BLM) method. During the meshing process, the solid part (plaque) is divided into three
sections, where the top and bottom sections close to the skin region are meshed using
tetrahedral elements while the central region is meshed using prism elements. This layout
of different types of elements helps capture more accurate simulation results while being
computationally less challenging. Once the initial setup was done, a custom rheological or
process data card was developed.
3.1 Process data card generation for injection molding and mechanical analysis
A process data card generally tries to capture the material characteristics and
process dynamics of this material at different conductions. In the case of thermoplastics
and simulations of the injection molding process, properties like Viscosity, PressureVolume-Temperature relationship, Thermal Conductivity (TC), heat capacity are required.

50

Table 3.1 contains a list of properties and experiments that were used to create this process
material data card.
Viscosity, thermal conductivity (TC), and pressure-volume-temperature (PVT)
measurements were carried out on a Gottfert Capillary Rheometer RG 20. Shear viscosity
experiments were performed using a 30/1 L/D die with a shear sweep from 10-10,000 s-1
(half-decade increments) at 200oC, 220oC, and 240oC. Apparent shear values were
corrected using the Rabinowitsch-Weissenberg equation to correct for shear rates close to
the barrel wall. TC was performed using the Goettfert TC add-on package using a 24v
powered linear probe. PVT was conducted with the Goettfert RG PVT add-on package
with a Julabo heat exchanger.
Table 3.1 Properties and experiments used to create a process data card.
Sr. No.

Property

Experimental Condition

1

Shear Viscosity

Shear rate: 10-10,000 sec-1 at 200,
220 and 240 °C (ASTM D3835)

2

3

Pressure-Volume-Temperature

Full temperature run (40 to 300 °C) at

(PVT)

200, 500, 800 bar (ISO 17744)

Thermal conductivity

Measured at 95, 125, 155, 185, 215,
245, and 275°C (ASTM D 5930)

4

Heat Capacity

Heat past Tm and cool to 40 °C at a
constant rate of 20 °C (ASTM E1269)

5

Coefficient of Thermal
Expansion
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ASTM E831

6

Crystallization Kinetics

Heat past Tm and cooled at 5, 10, 15,
20, 40 and 60 °C/min

Shear viscosity as a function of temperature is a vital input that is used in the filling
and packing modules, this is because when the polymer melt flows in a mold, it leads to
shearing, leading to changes in temperature as most polymers are extremely heated
sensitive. There are different mathematical models for thermoplastic materials that capture
their viscosity response, modified Cross model Equation (3-1) to (3-4) was used here to
capture the shear viscosity behavior of this particular TPO [85]. The experimental shear
viscosity curves and cross variables are shown in Figure 3.3 and Figure 3.4.

𝜂=

𝜂0
𝜂 𝛾̇ 1−𝑛
1 + ( 𝜏0∗ )

−𝐴1 (𝑇 − 𝑇𝑐 )
𝜂0 = 𝐷1 exp (
)
𝐴2 + (𝑇 − 𝑇𝑐 )
𝐴2 = 𝐴̃2 + 𝐷3 𝑃
Tc = D2 + D3P
𝜂− 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦
𝜂0 − 𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑎𝑡 𝑧𝑒𝑟𝑜 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑠ℎ𝑒𝑎𝑟

Tc – reference temperature
A1 and A2 – empirical constants
𝜏 ∗ − 𝑟𝑒𝑙𝑎𝑥𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒
𝐷1 − 𝑆ℎ𝑖𝑓𝑡 𝑓𝑎𝑐𝑡𝑜𝑟
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(3-1)

(3-2)

(3-3)
(3-4)

Figure 3.3 Plot of shear viscosity and shear rate.

Figure 3.4 Inputs for cross model.
The PVT curve helps us understand how the polymer melt is going to behave under
pressure and at high temperatures and is critical in predicting packing, cooling, and ejection
portions of the molding cycle. There are different mathematical models for thermoplastics
materials that capture their PVT response, modified Tait model equation (3-6) was used
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here to capture the PVT behavior of this particular TPO [85]. The experimental PVT curves
and cross variables are shown in Figure 3.5 and Figure 3.6.
𝑃
𝑉̂ = 𝑉̂0 [1 − 𝐶 ln(1 + )] + 𝑉̂𝑡
𝐵
̅,
𝑏
+
𝑏
𝑇
𝑖𝑓 𝑇 ≤ 𝑇𝑡
1𝑆
2𝑆
𝑉̂0 = {
̅
𝑏1𝐿 + 𝑏2𝐿 𝑇,
𝑖𝑓 𝑇 > 𝑇𝑡
𝑏3𝑆 exp(−𝑏4𝑆 𝑇̅) ,
𝑖𝑓 𝑇 ≤ 𝑇𝑡
𝐵={
𝑏3𝐿 exp(−𝑏4𝐿 𝑇̅) ,
𝑖𝑓 𝑇 > 𝑇𝑡
̅
𝑏 exp(𝑏8 𝑇 − 𝑏9 𝑃 ) ,
𝑖𝑓 𝑇 ≤ 𝑇𝑡
𝑉̂𝑡 = { 7
0,
𝑖𝑓 𝑇 > 𝑇𝑡
𝑇̅ = 𝑇 − 𝑏5
𝑇𝑡 = 𝑏5 + 𝑏6 𝑃

V (T,P) is specific volume
V0 is specific volume at zero-gauge pressure
T is temperature
P is pressure
C is a constant, 0.0894
B accounts for the pressure sensitivity of the material

Figure 3.5 Plot of specific volume and temperature.
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(3-5)

Figure 3.6 Inputs for Modified Tait model.
Specific heat capacity provides vital inputs during the filling, packing, and cooling
phases as they describe how much heat is needed to melt the material respectively. While
there are mathematical models for predicting specific heat capacity, tabulated inputs were
sufficient for the current process data card. The experimental specific heat capacity curves
and they are tabulated inputs are shown in Figure 3.7 and Figure 3.8.

Figure 3.7 Plot of specific heat capacity and temperature.

55

Figure 3.8 Tabulated inputs for heat capacity.
Thermal conductivity is also a vital input during the filling, packing, and cooling
phases as they describe how the material is transferring heat to the mold. While there are
mathematical models for predicting thermal conductivity, tabulated inputs were sufficient
for this process data card. The experimental thermal conductivity curves and their tabulated
inputs are shown in Figure 3.9 and Figure 3.10.

Figure 3.9 Plot of thermal conductivity and temperature.
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Figure 3.10 Tabulated inputs for thermal conductivity.
Crystallinity helps us consider the colling rate effect on the PVT curve meaning it
is able to predict relative crystallinity as a function of cooling rate change. These
crystallinity measurements were carried out on a DSC 250 at different cooling rates at 10,
20, 40, and 60 °C. There are different mathematical models for thermoplastic materials
that capture their crystallinity response, modified Nakamura model equation (3-1) to (3-4)
was used here to capture the relative crystallinity behavior of this particular TPO [85]. The
experimental DSC curves are shown in Figure 3.11.

𝑛−1
𝐷𝜃
= 𝑛𝐾(𝑇)(1 − 𝜃)[− ln(1 − 𝜃)] 𝑛
𝐷𝑡
1

𝐾𝑔
𝑢∗ ∕ 𝑅
) exp (−
) exp (
)
1⁄
𝑇 − 𝑇∞
𝑇𝛥𝑇𝑓
2 0

𝐾(𝑇) = ln(2)𝑛 (𝑡

1
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Where, K(T) is the non-isothermal crystallization rate constant, t1/2 is the
crystallization half-time, T is the temperature, R is universal gas constant, ΔT=Tm - T is
the supercooling, f = 2T/( T + Tm) is a correction factor, U* is the activation energy for the
crystallizing units to transport across the phase boundary, and T∞ is the temperature that
crystallization ceases. According to Hoffman et al., the last two parameters are assigned to
universal values, U* = 6284 J/mol and T∞=Tg - 30, respectively.

Figure 3.11 Plot of heat flow and temperature.
Lastly, the coefficient of linear thermal expansion [86] was measured on a TMA
450 EM in accordance with ASTM E831 using probe expansion mode. A total of three
samples were tested and an average value was used as the input for the material card. Figure
3.12 shows the plot pf dimension change as a function of temperature.
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Figure 3.12 a) Plot of dimension change and temperature.
Once the process data card was made conventional or solid injection molding
simulations were performed following input conditions that matched with experimental
conditions.

3.2 Injection molding simulation and experimental validation by comparing part
weight and density
Foam injection molding simulations, especially in the context of ScF foam injection
molding are based on three bubble growth models - Han and Yoo, Shafi and Pavyar [87],
and a nucleation model. Each of these models have been elaborated in equations (3-6),
(3-7), and (3-8) respectively. These models predict different growth rates for cells and are
applicable in different foaming scenarios, the evolution of bubble growth is shown in
Figure 3.13.
Han and Yoo:
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ⅆ
(𝑃 𝑅 3 ) =
ⅆ𝑡 𝐷

(3-6)

6𝐷(ℜ𝑔 𝑇)(𝐶∞ − 𝐶𝑅 )𝑅
1∕2

−1 + {1 +

2 ∕ 𝑅 3 𝑃𝐷 𝑅 3 − 𝑃𝐷0 𝑅03
(
)}
𝐶∞ − 𝐶𝑅
ℜ𝑔 𝑇

Pavyar:
ⅆ
ⅆ𝑡

(𝑃𝐷 𝑅 3 ) = 3𝐷(ℜ𝑔 𝑇)(𝐶∞ − 𝐶𝑅 )𝑅 x [1 +

1
3 1∕2
1∕𝑅3 𝑃𝐷 𝑅3 −𝑃𝐷0 𝑅0
−1+{1+
(
)}
ℜ𝑔 𝑇
𝐶∞−𝐶𝑅

Shafi:

]

2

ⅆ
36 𝑅 4 (ℜ𝑔 𝑇) (𝐶∞ − 𝐶𝑅 )2
(𝑃𝐷 𝑅 3 ) =
⋅
ⅆ𝑡
5
𝑝𝐷 𝑅 3 − 𝑝𝐷0 𝑅03

(3-7)

(3-8)

where, D is the diffusion coefficient of gas in polymer, and kH is the amount
of gas dissolve in polymer under applied pressure.

Figure 3.13 Comparison between the experimental result and the numerical
simulation results of change in cross-sectional area of a bubble [87].
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While the user needs to experiment with the choice of bubble growth model, the
nucleation models (3-9) and (3-10) has two fitting factors (F and fo) which can be used to
properly fit or match the results of one experimental condition, 15 wt % weight reduction
in our case.
Correction factors in the nucleation model to fit experimental data:

(3-9)

1
2

2𝛾
𝜋𝑀𝑤
) exp (−
𝐽(𝑡) = 𝑓0 (
𝑁𝐴

16𝜋𝛾 3 𝐹
) 𝑁𝐴 𝑐̅(𝑡)
𝑐̅(𝑡)
3𝑘𝐵 𝑇 (
− 𝑃𝑐 (𝑡)2 )
𝑘𝐻

(3-10)

1

2𝛾 2
𝜋𝑀
𝐽(𝑡) = 𝑓0 ( 𝑤 ) exp −
𝑁𝐴
(

16𝜋𝛾 3 𝐹
2

3𝑘𝐵 𝑇 (

𝑐̅(𝑡)
− 𝑃𝑐 (𝑡))
𝑘𝐻
)

𝑁𝐴 𝑐̅(𝑡)

A value of F = 0.001 and fo = 5.00E-24 was arrived at to obtain a close correlation
with our one experimental result for 15 wt % reduction. The same fitting factors were used
for the remaining weight reduction levels: 5, 10, and 20 %. In all these cases, only the gas
weight percentage was varied while keeping all the other input parameters constant as
shown in Table 3.2.
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Table 3.2 Input parameter for conventional and foam injection molding simulations.
Input Parameters

Solid

5%

10%

Max Injection Pressure (MPa)

140

Max Packing Pressure (MPa)

15

Filling Time (s)

0.4

1.26

Packing Time (s)

0.1

Melt Temperature (°C)

220

Mold Temperature (°C)

40

15%

20%

1.26

1.26

Shot Weight Control (VP Switch)

100

99

95

94

Initial Gas Concentration (wt%)

0.36

0.38

0.4

0.43

Cooling Time (s)

70

Eject Temperature (°C)

114

Bubble Growth Model

Han and Yoo

Correction factor (fo)

4.7500E-24

Correction Factor (F)

0.001

Threshold of Bubble (Jt)

0.1

Lastly, the experimental cell morphology results were obtained using SEM images
of cryogenically fractured plaques along the centerline of the specimen. To ensure our
simulated cell morphology was in line with experimental results we placed probes and
clipped along the centerline of our simulated plaque sample. The clipping function helps
analyze the cell size and cell density along the center region as shown in the figure below.
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Three different probe locations (Figure 3.14) were selected and the cell morphology results
were averaged and compared with experimental results.

Figure 3.14 b) Probe locations chosen to match experimental results.
3.3 Foam injection molding simulation and obtaining correction factor for nucleation
by comparing it with one experimental result
Foam injection molding simulations, especially in the context of ScF foam injection
molding are based on three bubble growth models: Han and Yoo, Shafi and Pavyar [21],
and one nucleation model. While the user needs to experiment with the choice of bubble
growth model, the nucleation model has two fitting factors (F and fo) which can be used to
properly fit or match the results of one experimental condition, 15 wt % weight reduction
in our case. We arrived at a value of F = 0.001 and fo = 5.00E-24 to obtain a close
correlation with our one experimental result for 15 wt % reduction. The same fitting factors
were used for the remaining weight reduction levels: 5, 10, and 20 %. Figure 3.15 shows
a very good correlation between simulation and experimental results in terms of part
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density, cell size, cell density which validates the process and microstructure prediction
capabilities of the MTR pathway.

Figure 3.15 Comparison between experimental vs simulation prediction for cell size and
density.

3.4 Mechanical Material Model and Porosity Mapping from Process Simulations
Digimat was used to generate a material model to evaluate the mechanical behavior of
the TPO dependent on the local porosity volume fraction. This approach is based around
mean-field homogenization, a semi-analytical homogenization approach used to compute
thermal and mechanical properties of multi-constituent materials like the current TPO
foam.
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Figure 3.16 Material Model set up in Digimat mean field module.
Once generated, the material model can compute/calculate the TPO mechanical
properties for different porosity content Figure 3.17.

Figure 3.17 Overview of how mean field homogeneization is applied.
A key step in this pathway is coupling porosity mapping from process simulation to the
mechanical modeling approach as shown in Figure 3.18.
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Figure 3.18 Overview of software coupling workflow.
To enable that connection, another important step required is to transfer the porosity
density from the Moldex 3D simulation mesh (donor mesh) onto the finite element analysis
mesh (receiving mesh) to enable the material model to use that information to provide with
the right local element behavior.

Figure 3.19 Overview of transfer of porosity content between models.
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This mapping procedure is done using Digimat through a “Integration point / Node to
Node / Integration point” transfer algorithm defined in the Digimat user’s manual [88].
Two key characteristics of the mapping procedure are:
1. The porosity data is mapped onto the FEA integration points (not the nodes)
2. Digimat converted porosity size and density into volume fraction during the
mapping procedure to ensure the connection to the material model.
The first characteristic enables a strong coupling between the FEA strain computation
and Digimat stiffness matrix computation using the porosity volume fraction provided. The
second characteristic simplifies the connection between the data coming from Moldex 3D
and the FEA model using only one variable instead of two.
3.5 FEA Model for Tensile and Flex Load Cases
Marc solver was used to simulate the 3-point bending and tensile tests performed
on TPO specimens. The loading on the tensile model was applied through a node and a
non-restrictive rigid body connection. The reason for this specific loading application was
to simplify the post-processing. A fixed-displacement boundary condition was applied to
the opposite surface to represent the tensile machine grips Figure 3.6 a. The bending model
was built using 20 nodes isoparametric hexahedral elements to help avoid shear locking
during the sample bending. The same element type was used for the tensile test simulation
model to minimize the differences in the simulation parameters between the two models
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and leave the differences to the boundary and loading conditions. Local seeding was used
to ensure the presence of six elements through the sample thickness to ensure accurate
porosity volume fraction distribution. The loading on the bending model is applied through
a rigid surface while the support is modeled as two surfaces spaced evenly on each side of
the specimen Figure 3.20 b. No friction was applied in the contact definition between the
surfaces and the specimen and the only boundary conditions used were to ensure the initial
static equilibrium before initial loading. The material behavior was defined through the
coupling with the Digimat material model using the porosity volume fraction at each
integration point [88].

Figure 3.20 a) Tensile model b) Flex model.
Though there are multiple homogenization methods for the property evaluation of
materials, a lot of those models are developed for applications at a microstructure level
which is not a good representation of the variable microstructures found on larger structures
or parts. As porous materials can be compared to composites, some of the constitutive
models used to evaluate the mechanical response of porous materials are an adaptation of
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the mean-field Eshelby-based homogenization method. Ramaskrishnan-Arunachalam,
Generalized Self-Consistent Method (GSCM), Differential Method (DM), Composite
Spherical Model (CSM), and Mori-Tanaka are compared in [89] against a more accurate
finite element-based method (Direct Model). In this case, the main justification for the
usage of a constitutive model are: 1) the non-uniform through-the-thickness cell
distribution 2) the connection to sample geometries though this is not as critical as the
sample geometry are simple and uniform. Lastly, The Mori-Tanaka mean-field
homogenization model provided through Digimat enables the transfer of microstructure
information between the plaque and the sample cut out of the plaque.
Utilizing the MTR pathway Figure 3.21 shows a very good correlation between
simulation and experimental results in terms of tensile modulus with an average error of
5.75 %.

Figure 3.21 Comparison between experimental vs. simulation prediction for Young’s
Modulus.
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Theoretically predicting flexural modulus relies on multiple models Lee and Westmann
model [78] and Ogorkiewicz and Sayigh model [79] as they are applicable at different
densities. The approach using the MTR pathway is more universal and is able to predict
the flexural modulus with an average error of 4.12 % (Figure 3.22).

Figure 3.22 Comparison between experimental vs. simulation prediction for flex modulus.
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3.6 Summary
In summary, this task focused on the generation a manufacturing to response pathway that
is capable of predicting microstructure, mapping this microstructure, and predicting
mechanical performance. The following were the findings of the study:
•

A rheological process data card for a custom TPO material was created by
experimentally

measuring

properties

like

Viscosity,

Pressure-Volume-

Temperature relationship, Thermal Conductivity (TC), heat capacity
•

Process modeling simulations (using Moldex 3D) were used to predict foam
microstructure by identifying appropriate nucleation and bubble growth models.

•

Finally, the predicted microstructure was mapped (using Digimat) on an FEA mesh
(MARC 3D) to help predict tensile and flexural modulus.

•

Good correlation between simulation and experimental results in terms of the
tensile and flexural modulus of the specimen using which validates the mechanical
prediction capabilities of the MTR pathway.
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CHAPTER FOUR
4. DEVELOPMENT OF PROPRIETORY TOOLING CONCEPT AND INITIAL
FEASIBILITY STUDY
As described in the introduction section (11) supercritical batch foaming is initiated
by a timed and precise drop in pressure which in the case of conventional foam injection
molding can’t be controlled given the fixed nature of the cavity. The unique feature of this
tool is the ability to perform core back (rapid pressure drop) and rapid cooling using a
proprietary coolant. The reason for the inclusion of core back and rapid cooling is because
core back can rapidly reduce cavity pressure thus enhancing nucleation and rapid cooling
helps in arresting rapid growth in cell size. It is important to note that the dwell time is
calculated at the start of filling. A schematic overview of this procedure is illustrated in
Figure 4.1.

Figure 4.1 Schematic of a manufacturing procedure for core back and rapid cooling.
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Additionally, supercritical nitrogen was used for this study due to the additional
benefit that it increases nucleated bubbles. This is because when compared to CO2 the
saturation pressure at which N2 would reach the equilibrium state with dissolved gas
concentration higher than CO2 Additionally the degree of super saturation of N2 during
coreback is larger than CO2 as shown in Figure 4.2. It is primarily due to N2 larger degree
of supersaturation that more bubbles nucleate when compared to CO2.

Figure 4.2 Theoretical pressure profile in mold cavity with respect to saturation pressure
of N2 and CO2 [90].
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4.1 Experimental Setup
The major components of the experimental setup consist of the i) injection molding
machine ii) a Trexel super critical foaming (SCF) device iii) a custom-designed core-back
mold along with a hydraulic actuator (HLCP 200-3500), iv) in-mold direct cavity pressure
sensor (1.2 mm diameter | 0 to 2000 bar ) and data acquisition system (type 5887A11,
Kistler) and solenoids (304 Stainless Steel Body with Wire Leads) for regulating coolant
flow. A layout of this setup is shown in Figure 4.3.

Figure 4.3 Overview of the experimental setup.
The major equipment for conducting the supercritical foam injection molding
process is a hydro-electrical injection machine (Engel VC 200/30). This injection molding
machine is unique as it consists of an integrated control system for molding, ScF metering,
and injection. The barrel houses a custom screw that has special mixing elements in order
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to uniformly mix supercritical fluid and polymer melt. The important specification of the
injection molding machine is described in the table (Table 4.1) below:
Table 4.1 Engel Victory 30 machine specifications.
Parameter

Value

Max. Clamping Force (kN)

280

Max. Injection Pressure (Bar)

2000

Injection Rate (cm3/s)

1-200

Max. injection Temperature (oC)

350

Max. Injection Volume (cm3)
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Following this, the integration of the SCF technology on the injection molding
machine plays a vital role in the creation of the foamed part. The SCF technology involves
a metering device from Trexel, which is used to inject pressurized foaming gases such as
N2.
This results in a single-phase foaming of the melt and the supercritical fluid instead
of a two-phase mixture. The polymer melt foamed with pressurized gas was then injected
into the mold. For this study, a new core back tool concept was introduced to achieve
control of the cellular structure of the foam injected part.
4.2 Design and Fabrication
This specialized tool consisted of two main sides: i) the fixed side (Side A), and ii)
the moving side (Side B). The movable half has an assembly of moving parts independent
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of the movement of the entire half. The sub-assembly consists of the following major
components: i) Core back plaque, ii) Hydraulic Locking Core Pull Actuator (HLCP), iii)
Guide Block, iv) Stoppers, v) Cooling channels vi) Linear cam and guides. This assembly
is shown in Figure 4.4. The movement of the subassembly was controlled with the help of
a hydraulic locking core pull actuator (HLCP200-3500) with a maximum stroke of 88.9
mm and a rod diameter of 32 mm. The hydraulic actuator was actuated by the hydraulic
controls provided in the Engel unit and was placed such that it was facing vertically
downwards.

Figure 4.4 Exploded view of novel tooling assembling.
The core back plaque is a base made of tool steel that fits in a precision machined
mold cavity. The core moves along the horizontal orientation to vary the thickness of the
part being molded. The core also has through holes drilled under the molding surface.
These holes were used to connect the cooling channels through which a coolant was passed
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to rapidly cool the molded part and bring it to room temperature. Similar cooling channels
were also present on the fixed side of the mold to cool the upper part of the tool. A pair of
solenoids were activated to start the circulation of the liquid nitrogen in the cooling
channels. Custom cooling lines were bent, and National Piper Thrust Tapered (NPT)
fittings were used for the joints to connect the cooling lines. The entire manufacturing and
assembly process can be seen in Figure 4.5.

Figure 4.5 Mold Machining, assembly, and installation for the core back and rapid cooling
tool.
The core back plaque was fixed on a linear cam which had a flat surface on one
side and an inclined surface on the other side. The inclined surface had an angle of 10o.
The linear cam was used to change the vertical motion of the actuator into the horizontal
motion of the plaque. The 10o inclination of the cam results in a load ratio of 0.18. The
linear force on the core plate was calculated as the product of the pressure inside the cavity
and the area of the cavity (appendix). On the lower side of the plaque and linear cam is the
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guide block. The purpose of the guide block is to limit the travel of the entire assembly,
which it does with the help of the mechanical stoppers, and also cushion the assembly by
taking up the load when it hits the stoppers. The mechanical stoppers are easily removable,
and stoppers of varying lengths are used to change the length of travel of the assembly,
which translates into the thickness of the part. Smaller length stoppers are used for larger
thickness and vice-versa.
4.3 Process Integration
From a process integration standpoint, Figure 4.6 shows the setup that is employed
to initiate a pressure drop, post gate pressure sensor, and solenoid location.
The sequence of steps is articulated below:
a) The exact point at which the core back needs to start moving is controlled by the
signal from the injection molding machine to the hydraulic core pull actuator
(HLCP).
b) The velocity of the core back movement is directly dependent on the hydraulic
pressure of the HLCP, which can be controlled using a flow control valve and
load holding valves.
c) The deployment of the HLCP is controlled by programmable steps in the machine
sequence whose schematic overview is given in Figure 4.6 a.
d) End of core pull actuation triggers the solenoid valve from McMaster Carr (shown
in Figure 4.6) to inject coolant into the cooling channels in the moving and
stationary half of the tool.
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e) To prevent the tool from getting too cold by running the coolant, a pair of heat guns
were placed near the tool.
f) The solenoid valves are manually actuated to release the coolant in a timed
manner.

Figure 4.6 a) Schematic overview of the control strategy b) Location of the pressure
sensor and solenoid.

4.4 Feasibility Study: Understanding the effect of different foam injection Molding
process parameters tuning
Considering the capabilities built into this proprietary tool i.e core-back action and
rapid cooling, additional parameters were necessary to be understood in order to get
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desirable microstructure for the foam injection molded plaque. An overview of these
process parameters in association with the physical components of the foam injection
molding process is illustrated in Figure 4.7.

Figure 4.7 Schematic of ScF process and integration with the coreback process
and rapid cooling.

Given the sheer number of variables highlighted in Figure 4.7, the scope of varying
these parameters was limited to key process variables that have the most effect on the
foaming process. Based on prior PSPP studies in Chapter 2, 10 wt % lightweighting was
selected as a prime candidate as it exhibited the best tradeoff with respect to property
retention for a conventional foam injection molding process. This meant the similar
parameters for ScF N2 Dosage, mass flow rate, shot volume, and processing temperatures
were maintained in this study as listed in Table 2.4.
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A preliminary investigation of identifying optimal values for the parameters kept
constant and the range within which the variable parameters were explored was followed.
Initial qualitative assessments on the obtained samples helped fine-tune the values for the
variable parameters. The initial part of the feasibility study focused on varying mold
temperature, dwell time, rapid cooling, and injection speed in order to ascertain its effect
of proper filling of the cavity (given its dynamic movement) and foam microstructure based
on initial visual inspection. Some of the key process parameters that were investigated at
this stage were:
1. Mold Temperature: The temperature of the cavity surface on the moving and
stationary side.
2. Dwell Time: The time period between the start of filling and beginning of core-back
retraction
3. Injection Speed: The speed with which molten polymer is injected into the mold.
Mold Temperature: In general mold temperature has been shown to affect the surface
texture and foam densities [91]. In the case of this tool, it becomes more important given
the use of coolant. One of the first studies conducted on this tool was to observe the uniform
filling of the cavity when inducing core back action Figure 4.8 a. At lower temperatures
like 24 °C portions of the molten polymer solidified before coreback could be performed
leading to improper expansion of the molten polymer when the core was retracted. At a
higher temperature like 50 °C, the part was completed filled after coreback.
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Dwell Time: In general dwell time and injection speed are intrinsically tied to each
other, meaning dwell times that do not account for slow injection speed would lead to
improper filling of cavities. In this brief study, the highest injection speed of the machine
was used to ascertain the minimum dwell time needed for proper filling of the cavity. Dwell
times of 1.25, 2, 2.5, and 2.75 seconds were investigated (Figure 4.8).

Figure 4.8 Fill of cavity after core back at a) lower temperatures b) lower dwell times.
A minimum of 2.75 seconds was required to appropriately fill the cavity Table 4.2.
It was also noted that a minimum of 60 seconds cooling time was required for samples that
were not cooled with our coolant.
Table 4.2 Effect of different dwell times at same injection speeds.
Dwell Time (s)

Injection Speed (cm3/s)

Qualitative observations

1.25

200

Incomplete fill
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2

200

Incomplete fill

2.5

200

Incomplete fill

2.75

200

Complete filled

Injection Speed: Injection speed is an extremely important factor with regard to obtaining
a fine cellular morphology (Table 4.3). Reducing injection speed has shown observation
improvements in reducing cell size and cell density. Xi et al. and Chung et al. observed a
similar behavior where decreasing injection speed improved the cellular morphology of his
super critically foamed PP [70,92].
Table 4.3 Effect of different dwell times at different injection speeds.
Dwell Time (s)

Injection Speed (cm3/s)

Qualitative observations

60

3.25

Incomplete fill

60

3.75

Incomplete fill

60

4

Complete fill

30

3

Incomplete fill

30

3.75

Incomplete fill

30

4

Complete fill

.
In this brief study, two injection speeds were investigated 60 and 30 cm3/sec in
tandem with different dwell times in order to ascertain which combination of the two would
result in complete filling of the cavity. In the case of both injection speeds, 4 seconds of
dwell time was enough to fill the cavity as shown in Figure 4.8.
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The final portion of the feasibility study was comparing the cell size and cell
densities of samples with distinct process variables. Process conditions for this final study
are listed in Table 4.4.

Figure 4.9 Fill of cavity after core back at a) lower temperatures b) lower dwell times.
To begin with, injection speed was kept constant at 200 cm3/sec and the effect of
rapid cooling was investigated. The plaques were submerged in liquid nitrogen for 20
minutes, cryogenically cracked, and cross-sections were sputter-coated with platinum and
viewed under a scanning electron microscope (Hitachi S-8000 Regulus).
As can be seen in Figure 4.10 samples foamed without rapid cooling showed an
average cell size distribution of 200 ± 166 µm while samples that were cooled rapidly
showed an average cell size distribution of 191 ± 82 µm. As the core is retracted, a pressure
drop within the cavity occurs triggering nucleation, the activation of the solenoid to
facilitate the coolant flow ensures the solidification of the polymer melt thereby arresting
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cell growth. The lower average cell diameter and the significant reduction in standard
deviation confirm the working of our hypothesis.
Table 4.4 Process variables for the final feasibility study.

Parameter

Solid Molding

Injection Speed

Injection Speed

(200 cm3/s)

(60 cm3/s)

Melt temperatures (°C)

240 | 240 | 230 | 220 | 180

Mold Temperature (°C)

40

Injection speed (cm3/s)

23.1

225

Holding pressure (bar)

60

Injection
Speed
(30 cm3/s)

30

NA

Cooling Time (s)

60

30

Screw Rotation (m/s)

0.33

0.33

Holding time (s)

NA

Gas Flow Rate (kg/h)

NA

0.07

0.07

0.07

Gas Dosage Time (s)

NA

5.5

5.5

5.5

Shot Weight (cm3)

31.316

28.4

28.4

28.4

ScF N2 dosage (wt %)

NA

0.38

Dwell Time (s)

4

Core Back Rate

3.33

(mm/sec)
Lightweighting (%)

NA

10
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The next set of experiments were performed at relatively lower injection speeds of
60 and 30 cm3/sec. The lowering of injection speed has been noted by several authors as
an important factor in improving cell structure i.e reducing cell diameter and density. Xi et
al. and Chung et al. observed a similar behavior where decreasing injection speed improved
the cellular morphology of his super critically foamed PP [70,92]. The samples
manufactured using an injection speed at 60 cm3/sec exhibited an average cell diameter of
59 ± 25 µm and cell density of 8.43 x 10 5 cells/cm3 which was substantially better than
the cell diameter of 191 ± 82 µm and cell density of 3.92 x 105 cells/cm3 that was observed
at an injection speed of 200 cm3/sec. Similarly lowering reduction speed from 60 to 30
cm3/sec lowered the cell size and increased the cell density from 59 ± 25 µm to 34 ± 17
µm and cell density from 3.92 x 10 5 cells/cm3 to 2.59 x 106 cells/cm3.

Figure 4.10 Compilation of foam morphologies for the feasibility study.
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Lastly, tensile tests were performed on the 10 wt % lightweighting sample produced
via core back and rapid cooling by punching at least 3 samples from the plaque and tested
on Zwick Z020 machine with a 500 N load cell at a strain rate of 0.05 mm/s. Strain was
acquired using an Aramis 2M system at a 50 fps-10fps-2fps frame rate Figure 4.11.

Figure 4.11Tensile test a) coupons, b) setup, and c) test.
The average stress-strain response and statistical analysis of Youngs modulus and
ultimate tensile strength of the solid and foamed TPO sample are shown in Figure 4.12 a
and b respectively. The Youngs modulus showed a linear or stepwise decline that is
statistically significant. Young’s modulus or stiffness only decreased by ~ 10 % for the
core back + rapid cooled foamed sample and ~ 23 % for conventional foamed sample. This
concludes the feasibility study that substantiates our hypothesis that the coreback + rapid
cooling does impact microstructure positively by lowering cell size and increasing cell
density thereby improving tensile performance.
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Figure 4.12 a) Plot of average tensile stress-strain curves. b) Statistical analysis of Youngs
modulus of solid and foamed samples.
4.5 Feasibility Study: Core Back Simulations
Coreback simulations were set up in Moldex 3D in order to simulate the coreback
retraction process that had been performed experimentally in the previous experimental
feasibility study.
Prior to the running the core back process, a CAD model of the cavity plaque (Figure
4.13) was imported, and important injection molding attributes like compression zone for
coreback, gate type, gate dimensions, melt inlet, plaque dimensions, mold base dimensions,
and cooling channels were created and meshed in Moldex 3D.
More specifically the entire model was meshed using solid boundary layer meshing
(BLM) method. During the meshing process, the solid part (plaque) is divided into three
sections, where the top and bottom sections close to the skin region are meshed using
tetrahedral elements while the central region is meshed using prism elements. This layout
of different types of elements helps capture more accurate simulation results while being
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computationally less challenging. Once the initial setup was done, coreback simulation
were run using the custom rheological or process data card developed in Chapter 3.

Figure 4.13 Setup for coreback simulation in Moldex 3D.
The cooling simulations in Moldex 3D cannot accommodate the temperature
profile of the proprietary coolant used, hence the simulation was restricted to the one
experimental run involving no rapid cooling at an injection speed of 200 cm3/sec. All
experimental process variables were used as shown in Table 4.4 and the same fitting factors
were used as shown in Table 3.2.
The coreback simulations were able to predict an average cell size of 166 µm when
compared to an experimental cell size of 205 ± 166 µm. As shown in Figure 4.14 this
prediction of cell size was within the error bounds of the experimental result and shows a
solid skin and foamed core structure as well. The only point of digression is the inability
of the simulation to predict the wide distribution of cell sizes as seen in the experiment.
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Figure 4.14 Comparison of simulated and experimental measure cell size for coreback
experiments without rapid cooling.
The wide distribution of cells is primarily caused by cell coalescence, which is the
aggregation or joining of neighboring cells thereby forming larger sized cells. The biggest
contributor to this in the use of classical nucleation theory (CNT) based predictions in the
foaming injection molding simulation module. CNT based approaches while simple and
computationally less complex to simulate are unable to predict the phenomena of cell
coalescence. This specific simulation uses a modified version of the Han and Yoo bubble
growth model that is based on CNT. This is the major reason why the simulated cell size
diameter distribution digresses when compared to the experimentally measured cell size
diameter distribution.
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4.6 Summary
In summary, this task focused on the conceptual design of a unique injection molding tool
that is capable of inducing a pressure drop and rapidly cooling the cavity in order to arrest
the growth of cells. The following were the findings of this feasibility study:
•

The design of this unique tool and its allied experimental setup was shown to
exhibit robust control over initiation pressure drop and rapid cooling.

•

Process variables like mold temperature, fill time, dwell time, and injection speed
was investigated in order to minimize cell diameter and maximize cell size.

•

The use of core back and rapid tooling was shown to reduce cell size to 30 µm and
cell density of 2.59 x 106 cells/cm3.

•

The Youngs modulus showed a linear or stepwise decline that is statistically
significant. Young’s modulus or stiffness only decreased by ~ 10 % for the core
back + rapid cooled foamed sample and ~ 23 % for conventional foamed sample.
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CHAPTER FIVE
5. DESIGN AND DEVELOPMENT OF AN INDUSTRY SCALED TPO FOAMED
PART

Before designing and prototyping an industry-scaled part a benchmark study was
initiated on different automotive parts based on PP polymer. This was done to create a
database of properties and utilize it for the evaluation of our PP-CNC materials on selected
target components. A variety of PP-based components were procured from two OEMs and
their thermal and mechanical properties were examined to set up benchmark specifications.
A total of 11 components made of PP material were procured for the benchmark study.
Figure 5.1 shows each component, a standard symbol representing the type of material,
and the related composition.

Figure 5.1 (a) The PP components for benchmark components.
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The selected components can be classified into six material categories. Differential
scanning calorimetry (DSC) method was employed to evaluate the glass transition
temperature (Tg), melting temperature (Tm), and degree of crystallinity of each PP material
(
Table 5.1). Three DSC samples were tested for each material category.

Table 5.1 The PP components for benchmark components as well as thermal properties
Material

Tg (◦C)

Tm (◦C)

ΔHm (J/g)

% Crystallinity

PP

45.5

165.4

73.5

35.5

PP-TD8

43.7

165.9

52.6

25.4

PP-TD10

44.4

164.5

49.4

23.9

PP-TD15

46.9

165.6

66

31.9

PP-

45.1

166.6

58.9

28.4

-

164

83.7

40.4

(TD+ZH)15
PP + EPDM
+ TX30

Mechanical behavior of materials was investigated using tensile testing and threepoint bending methods. Standard Type V tensile specimens were punched out of the
commercial PP parts. At least five specimens were tested for each material category.
Additionally, bending (flexural) samples were cut from PP parts and tested according to
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ASTM D790. For three-point bending, at least three specimens were tested. Results of
these tests are tabulated in Table 5.2.
Table 5.2.The PP components for benchmark components their mechanical properties.
Tensile
Material

Three-point bending

σy

σUTS

Ef

σflex

(MPa)

(MPa)

(MPa)

(MPa)

PP

13.6 ± 0.5

20.9 ± 0.2

1220 ± 21

22.9 ± 0.3

PP-TD8

12.9 ± 0.4

19.4 ± 0.5

1253 ± 51

23.3 ± 1.2

PP-TD10

10.5 ± 0.2

16.2± 0.4

948 ± 33

19.3 ± 0.3

PP-TD15

16.2 ± 0.7

23.6 ± 0.8

1771 ± 130

33.0 ± 0.6

PP-(TD+ZH)15

15.6 ± 0.3

22.2±0.7

1658 ± 138

31.1 ± 1.2

15.2 ± 1.6

22.1 ± 2.1

2356 ± 119

35.1 ± 0.5

18 ± 0.7

28.1 ± 0.3

1132 ± 21

38.5 ± 0.3

12 ± 0.6

21.3 ± 1.1

1030 ± 129

31 ± 3.8

PP + EPDM +
TX30
Bapolene 4012F
– solid
Bapolene 4012F
– foam
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Figure 5.2 (a) The tensile and flexural properties of benchmark investigation, and (b)
selected parts for prototyping.
The mechanical properties of all materials are presented in Figure 5.1 b. For a better
comparison, the yield stress (σy), ultimate tensile strength (σuts), flexural modulus (Ef), and
flexural strength (σflex) of materials are plotted in a column chart and depicted in Figure
5.2. The yield strength is one of the critical material parameters in automotive plastic part
design. Polymer-based materials with higher yield stress are more desired for the selection
of the material. Based on thermal and mechanical results, "PP" and "PP-TD8" seem to be
material categories of interest for the selection of target PP components. The interior part
(Garn, Rear) was selected and initiated its 3D modeling (Figure 5.2 a).
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A finite element analysis (FEA) study was initiated using our 3D model to predict
the performance of this component under various conditions, i.e., creating a list of strength,
stiffness, and performance requirements according to the physical properties of the interior
part’s material, based on which ameliorate and refine the initial design (Figure 5.3 a). The
workflow of 3D modeling by HyperWorks and related boundary conditions (defined by
applying appropriate constraints on displacements and rotations of the component) is
illustrated in Figure 5.3 a-b. The average thickness of the component in the 3D model is
2.5 mm.

Figure 5.3 (a) Workflow for 3D modeling, (b) setting boundary conditions, (c) materials
card, and (d-f) FEA study.
5.1 Static Analysis
A linear static analysis was performed in “bending” mode to predict the stiffness of
the part. Two separate loading conditions (Load I and Load II) were considered. In each
loading case, 25 equal point loads with a total load of 43.75 N were applied on a rectangular
area on the top surface of the component. The loading area for Load I and Load II
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conditions was 129 and 145 mm2, respectively. The loading area was chosen so that the
maximum internal stress in the component does not exceed the yield point.
Figure 5.4a shows the displacement and stress contour maps under both loading
conditions. Load I and Load II resulted in maximum internal stress of 9.22 and 8.83 MPa,
respectively. These values are less than the yield stress of the material (13.6 MPa),
indicating that the component deformed in the elastic deformation region. The stiffness
value corresponding to each point load was calculated by dividing the load (1.75 N) by the
resulting deformation. The average of 25 stiffness values is calculated for each loading
condition. Therefore, the average stiffness of the interior component under Load I and Load
II conditions is 0.965 and 1.161 N/mm, respectively.
5.2 Modal Analysis
To study the dynamic behavior of automotive components, modal analysis was conducted.
Specifically, all boundary conditions are applied on the component, and natural frequencies
are determined using FEA software. In the case of our interior part, I applied the boundary
conditions in Figure 5.3b. The resulting modal frequencies are presented in Figure 5.4b.
By replacing the material or modifying the part’s design, the modal frequencies of the new
component should be less than these reference frequencies.
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Figure 5.4 Results of FEA analysis: (a) displacement and stress maps resulted from linear
static analyzes, (b) modal analysis, and (c) component under isothermal heating conditions.
The component was also analyzed under different thermal conditions. Similar
boundary conditions were applied and then subjected the model to an isothermal heating
bath at 85 °C. The deformed part and the distribution of internal stress in the component
are shown in Figure 5.4 c. It can be observed that large internal stress was generated at
constraints 1 and 2. The maximum internal stress corresponds to constraint 2 (13.68 MPa),
which is very close to the material's yield stress. The maximum deflection at 85 °C occurred
at the free end of the part and was estimated to be about 2.11 mm.
The CAD geometry design was based on an actual Honda interior floor garnish part
(Figure 5.3). The actual dimension of this part is 493×233×104 mm. For proof-of-concept,
a simplified model of this part was created (Figure 5.5b). The part was simplified to reduce
the time and cost of mold design and machining. The thickness of the part is 2 mm, and a
draft of 2° has been provided to facilitate part ejection from the mold.
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Figure 5.5b also shows boss features that have been adopted from the original part
design since they are typical of interior plastic parts. The purpose of these features is to
assist in the assembly and/or act as a receptacle for a screw/threaded insert. Ribs have been
provided across the bottom surface of the part to increase stiffness. The incorporation of
features, i.e., the ribs and bosses into the prototype design, facilitate the evaluation of the
quality of the parts, that the occurrence of the flow marks, weld lines, sink marks and other
surface defects are closely related to these features. In addition, the rib's design enhances
not only the dimensional stability of the part but also its stiffness.

Figure 5.5 A real part of interior garnish (a): Simplified model to be used for fabrication
(Top iso-view and bottom iso-view), with boss features (b).
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5.3 Processing simulation and failure analysis:
The design of the runner system considers the geometry of the part and the capacity
of the injection molding machine. The gate location and hot runner were carefully chosen.
The sharp curvature of the geometry may cause uneven filling and defects such as warpage,
short shot, and flashing. To avoid these, the designed part with the runner design was
evaluated by the Modex3D, a CAD software, to simulate the filling process, find
problematic locations, and provide guidance for the amelioration of the part/runner design.
Figure 5.6a shows the workflow of Modex3D simulation for the injection molding process,
and Figure 5.6b gives examples of the simulated processing parameters and failures. These
issues could be addressed by refining the part geometry and processing conditions.

Figure 5.6 Workflow to simulate the injection molding process in Modex3D (a);
predicted processing parameters (melt front flow and pressure) and flaws analysis (air
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trap, warpage, shrinkage) that associated with the geometry and process conditions (b);
and ameliorated process and geometry according to the simulation.
(a) Processing simulation
Balanced melt front flow and uniform filling pressure were the design targets of
this study. The filling analysis (Figure 5.6 b) exhibited a balanced flow front in this
geometry model, suggesting the valid choice of the gate location avoiding the possible weld
line and other filling defects. The total filling time is relatively long, i.e., 2.682s. This can
be caused by either the small diameter of the gate or the low thickness of the part. Fig
Figure 5. 6 b also suggests a relatively high filling pressure, confirming that the thickness
of the part can be increased to reduce it. Such results provide suggestions for the next round
geometry redesign until satisfied simulation results are obtained.
(b) Defect analysis
Issues, such as air traps, warpage, and shrinkage could also be predicted by
simulation. For example, the susceptible locus of air trap is located at the intercrossing
section of ribs on the reverse side (Figure 5.6 b) but will not induce notable aesthetic issue
of the part, therefore not a major concern for the part/gate design. The current design
exhibits a fairly low volumetric shrinkage level, as shown in Figure 5.6. Significant
warpage, however, was indicted by the simulation result, which was a significant issue
requiring product redesign. In our study, this problem was successfully addressed by
increasing the part thickness (from 2 mm to 2.5 mm) and altering the gate location.
In this section, we first built the CAD model based on which we conducted the FEA
analysis and the Modex3D simulation. The former predicts the part performance (strength,
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stiffness) under working scenarios, while the latter simulates the processing process during
the manufacturing (injection molding). Based on the information obtained by simulation
(FEA and Modex3D), the rational geometry design for the prototype was redesigned and
finalized (Figure 5.6 c).
5.4 Mold design and machining
An aluminum-based injection molding tool was selected since the objective of the
objective was to prototype a few parts for final evaluation and testing. Additionally, the
mold was designed based on the inputs from Moldex 3D simulations workflow as shown
in (Figure 5.6). Standard mold base geometries were utilized that were readily available to
reduce overall machining time. The tool CAD was then shared with our tooling partner
“Built Rite Tool” and prototyping partner “Trexel Inc” in order to incorporate tooling and
machine constraints. Figure 5.7a shows the stationary and actuating mold base, while
Figure 5.7 shows the exploded view of the same.

Figure 5.7 (a) Finalized Tool CAD for interior floor side garnish part, Stationary and
actuating mold base, (b) Exploded view of the mold assembly.
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5.5 Summary
In summary, this task focused on benchmarking, design, and development of an industryscaled TPO part to gain industry acceptance for TPO foams. The following were the
findings of this feasibility study:
•

Identification of PP and TPO based parts used in the automotive industry.

•

Benchmarking mechanical and thermal properties of these components to down
select which component could be targeted.

•

A linear static analysis was performed in “bending” mode to predict the stiffness of
the part wherein two separate loading conditions (Load I and Load II) were
considered.

•

A modal analysis was also conducted on the down-selected component to study
dynamic behavior.

•

Process and FEA simulation loops were set up to provide inputs to part design.

•

Once the part design was frozen, CAD for an injection molding tool was designed
and released for machining.
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CHAPTER SIX
6. SUMMARY AND FUTURE WORK
6.1 Establishing a process-structure-property-performance (PSPP) of TPO foams
Although the adoption of TPO foams either via the conventional chemical and new
physical blowing agents would be largely beneficial to the Automotive sector given the
need to drive down weight and increase efficiency [13]. This has not been the case with no
widespread adoption of TPO foams within the industry due to challenges with respect to
its foaming process. Traditionally, new material development takes years to experimentally
gather the required data required to understand the interdependence of processing,
structure, property, and performance [34]. This is time-consuming and expensive,
primarily due to the sheer number of experimental inputs (e.g. tensile, flexural, impact,
appearance). This lengthy-time period and intense experimentation could be one of the
reasons why conventional TPO foams have not seen widespread adoption in the automotive
industry.
Therefore, the first task focused on manufacturing TPO foams via ScF foam
injection molding by varying critical processing parameters. This extensive study goes into
detail as to how a change in process variables impacts cellular microstructure and its impact
on mechanical performance. Lastly, four distinct lightweighting percentages are
investigated and the process-structure-property-performance relationship for these foams
was documented. In particular, their tensile, flexural, impact, and appearance properties
were studied. From a property retention standpoint, the 10 wt % lightweighting was
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deemed as the most promising candidate for lightweighting different automotive
applications.
6.2 Manufacturing to response pathway for TPO foams
The experimental rigor and time-consuming nature of the first task is one of the
reasons why new materials like TPO foams have not witnessed widespread adoption. The
manufacturing to response pathway leverages multiple simulation and validation steps to
reduce the time needed for the adoption of new materials. This task focused on the
generation of a process data card for a custom TPO material that could then be leveraged
to run process simulations that predict cellular microstructure. The evaluation of multiple
nucleation and bubble growth models ensured that experimentally observed cellular
microstructure could be predicted with a great degree of certainty. The remainder of the
pathway focused on mapping these void fractions onto an FEA mesh in order to validate
Youngs and flexural modulus. As both these parameters play a vital role in the final part
of design and qualification. The results of the pathway ensured accurate prediction of
Youngs and flexural modulus of less than 5 %.
This pathway ensures a substantial reduction in overall experiments required to
generate a process-structure-property performance relationship. Lastly from a literature
standpoint, this pathway marks the first implementation of its kind.
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6.3 Development of Proprietary Tooling Concept and Initial Feasibility Study
Given the limitations of conventional injection molding tooling and the importance
of controlling cellular morphology a unique tool was developed and commissioned that
was able to control a new pressure-temperature path resulting in greater control of
nucleation and bubble growth. This work focused on the conceptual design of a unique
injection molding tool that can induce a pressure drop and rapidly cool the cavity in order
to arrest the growth of cells. A robust design and experimental setup were proposed and
commissioned and shown to work. A feasibility study was then conducted summary this
task focused on the conceptual design of a unique injection molding tool that can induce a
pressure drop and rapidly cool the cavity in order to arrest the growth of cells.
The feasibility study was also the first successful in reducing TPO foam cell size to
30 µm and cell density of 2.59 x 106 cells/cm3. This also resulted in Young’s modulus or
stiffness only decreasing by ~ 10 % for the core back + rapid cooled foamed sample and ~
23 % for a conventional foamed sample.

6.4 Design and Development of An Industry Scaled TPO Foamed Part
Given the lack of industry scaled TPO foamed parts, there was a need to
benchmark, design and develop a part though could serve as a demonstrator part that could
help in tackling this issue. This task focused on the identification and benchmarking of
thermal and mechanical properties of parts that are currently in production in the
automotive sector. An interior garnish part was down-selected and its design was modified
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based on inputs static and dynamic FEA load cases as well as process simulations. Once
the part design was frozen, CAD for an injection molding tool was designed and released
for machining.

6.5 Future Work
Despite the progress made on the unique tooling concept, the feasibility study, and
the design of an industry scaled part this work has many aspects that can be worked on in
great detail, all of these have been listed as future tasks below:
•

Developing a closed-loop control system on the core back tool for automatic
deployment of coolant as shown in Figure 6.1. .

Figure 6.1 Overview of future closed loop control scheme
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•

Instrumenting more pressure and temperature sensors in this tool in order to better
understand filling, foaming, and cooling stages.

•

Addition of in-mold heater rods in order to increase dwell times and lower injection
speeds.

•

Incorporating proprietary coolant thermal profiles in Moldex 3D in order to carry out
detailed simulation studies for this unique setup.

•

Dispersing a crystal nucleating agent in current TPO material in order to increase the
number of nucleation sites.

•

Prototyping industry scaled TPO foamed parts based on the learning from plaque level
trials on the unique core back and rapid cooling tool.
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7. APPENDICES
Core back thickness,
Maximum = 10 mm
Minimum = 1 mm
Max Internal cavity pressure = 10 N/mm
Volume Expansion rate = 100 cc/s (Assumption)
Coreback stroke rate = 5.9 mm/sec (Assumption),
Surface area of Cavity = 100*170 = 17 x 103 mm2
Linear force on Core plate = 170.0 kN.
Cam Angle,ϴ = 10o
Load Ratio = Tan[radians(ϴ)] = 0.18
Required actuator stroke=1.5*[Core back max thickness – Core back min
thickness]/Load ratio= 76.6mm
Required Actuator force = Load ratio * Linear force on core plate = 30.0 kN
Required Actuator stroke rate = Coreback stroke/Load ratio = 33.6 mm/s
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Figure 7.1 Cell size and density for 5% lightweighted TPO foam
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Figure 7.2 Cell size and density for 10% lightweighted TPO foam
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Figure 7.3 Cell size and density for 15% lightweighted TPO foam
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Figure 7.4 Cell size and density for 20% lightweighted TPO foam
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